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Description 
LIQUID CRYSTAL 

Light-Modulating Materials 

5 Technical Field 

This invention relates generally to liquid crystal 
light control technology and, more specifically, to the 
manufacture of new liquid crystal materials comprising 
a light modulating dispersion of liquid crystal micro- 

1G droplets spontaneously formed and retained in synthetic 
polymeric matrix, e.g. for use in displays. 
Background Art 

Recent developments in commercial fabrication of 
liquid crystal display devices have been directed toward 

15 materials which display images by exploiting the light 
scattering properties of liquid crystals that are 
incorporated variously into or onto a plastic sheet or 
the like, to avoid the sealing problems encountered in 
conventional cell-type displays. The display character is- 

20 tics of these materials depend on the size and morphology 
of the entrapped liquid crystals. Characteristics such 
as scattering efficiency and switching time between ON 
and OFF states are affected by the diameter and density 
of the discrete quantities of liquid crystal. 

25 Proposed types of materials include materials con-, 

taining encapsulated liquid crystals, and materials- 
with micropores into which liquid crystals are imbibed. 

One prior proposal for encapsulating liquid crystals 
is disclosed in French Patent No. 2,139,537 and involves 

30 forming an aqueous emulsion of nematic or cholesteric 
liquid crystal material with an immiscible binder such 
a polyvinyl alcohol. The mixture is emulsified in a 
high speed blender or the like to form droplets of the 
liquid crystal that are encapsulated by the binder. 

35 The encapulated droplets are then coated onto a clear 
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plastic substrate having the usual conducting electrodes* 
A similar technique is described in U.S. Patent 
No. 4, 435, 047. 

Another prior proposal involving filling the open 
or connected micropores of a plastic sheet with a nematic 
or other type of liquid crystal is disclosed in U.S. 
Patent No. 4,048,358. 

These prior art techniques involving the mechanical 
entrapment of liquid crystals have some drawbacks. 
Encapsulation by emul s if ication can yield a relatively 
broad spectrum of capsule diameters which can necessitate 
size classifying. Entrapment by imbibing into microporous 
plastic presents the problem of sealing the micropores 
to prevent leakage of the liquid crystals. 

Electrical manipulation of these light scattering 
devices between light scattering and light transmissive 
modes causes the devides, or imaging- f orming segments 
thereof, to appear opaque in one state and transparent 
in another state. Thermal manipulation of such device 
by the application of sufficient heat to induce a transi- 
tion from the liquid crystalline, light scattering state 
to the isotropic, light transmissive state causes the 
materials to switch from an opaque to a clear state. 

The operation of most of these types of liquid 
crystal displays depends upon a constant application of 
an external field, either electric or thermal, to maintain 
an image. While this mode of operation is desirable 
for displays of, for example, time and temperature in 
which sundry alphanumeric characters are created and 
subsequently erased by the constant energizing and de- 
energizing of various picture elements, it would be 
advantageous in many instances to have a display technology 
characterized not only by greater ease of preparation 
but also by image display not dependent upon the constant 
presence of an applied field. It would also be advantageous 



to have liquid crystal displays characterized by faster 
switching times and greater transparencies than previously 
achievable . 

Thus, to be distinguished from the instant invention 
are prior art teachings of mechanically subdividing a 
body of liquid crystal into a profusion of particles 
that are either: (a) individually enrobed or encapsulated 
in a polymeric sheath (and can be aggregated subsequently 
to form a coherent, often supported, sheet or the like); 
or (b) embedded as a batch in a matrix-forming material 
(that then may be converted into polymeric sheet or the 
like) . Advantages of the instant invention over such 
teachings include simplicity of preparation, ease of 
control over the size of the liquid crystal domains and 
their discontinuity, and theoretically unlimited display 
size. Other advantages will be evident hereinafter. 
Disclosure of the Invention 

All aspects of the instant invention that follow 
involve the spontaneous formation of liquid crystal 
microdroplets from a solution of a liquid crystal in a 
synthetic resin matrix-providing composition during the 
solidifying of the matrix, which is to be light trans- 
missive. Such formation tends to yield microdroplets 
that are substantially evenly spaced and substantially 
uniform in size. For simplicity we refer to such forma- 
tion as one of "phase separation". The matrix can be 
thermoset or thermoplastic resin (polymer) . 

An aspect here is a material containing light 
scattering liquid crystal microdroplets; it is capable 
of. being thermally, electrically, magnetically and 
electromagnetically addressed to cause the material to 
be reversibly switched between a light scattering mode 
and a light transmissive mode. Furthermore, such material 
is optically responsive to strain, whereby under tension 
it acts as a polarizer that transmits one component of 



WO 87/01822 ^ 



PCT/US86/01927 



10 



plane polarized light while scattering the other 
component. Additionally, its phase separating in the 
presence of an electric or magnetic field can cause 
such material to act as an electrically addressable 
polarizer . 

The new light scattering material, if thermoplastic, 
is characterized by ease of fabrication and the ability 
to be reworked by simple heating and cooling. Another 
aspect of the invention is a material fabricated from a 
thermoplastic resin and a liquid crystal having a liquid 
crystalline phase to isotropic phase transition temperature 
above the softening temperature of the matrix; it exhibits 
a reversible field-independent memory (thermoplastic 
image memory) . 

!5 Still another aspect of the invention is a thermo- 

plastic display material having an especially close 
match of the ordinary index of refraction of the liquid 
crystal with the matrix that contains some of the crystal 
dissolved in it, such material can be made to have sub- 
millisecond switching times, transparencies on the order 
of 90%, and an electrooptic memory. Such material can 
be fabricated with high electrical resistivity and 
permittivity so that it acts as a capacitor to retain a 
charge when charged between two electrodes, whereby the 
optic axes of the liquid crystal microdroplets will 
remain aligned and an image will be retained after the 
voltage has been turned off (electrostatic image memory) . 

Yet another aspect of the invention is a light 
modulating material wherein microdroplet size is regulated 
by controlling the growth rate of the liquid crystal 
microdroplets during the phase separation and microdroplet 
growth is arrested by solidification of the matrix when 
they have reached a selected average diameter. When 
prepared in the manner described, the liquid crystal 
35 microdroplets have been observed to be of uniform size 
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and spacing and to have a diameter ranging upward from 
about 0,2 microns. Temperature, relative concentration, 
and choice of materials determine the growth rate and 
the resultant microdroplet size and population density. 
Controlling growth rate allows for fabrication of liquid 
crystal display devices with optimized display characteris- 
tics such as contrast and response times. 

In addition to the foregoing light modulating materials, 
yet further aspects of this invention are electrically 
responsive and electrically addressable devices for 
light switching and light polarizing which have in their 
structure a light modulating material, e.g. a sheet or 
film of this invention; and yet still further aspects 
of this invention are broadly the phase separation method 
15 for making the inventive, light modulating materials, 

specific phase separation techniques, and the improvements 
therein for control of microdroplet size, choice of 
constituents, reworking of the materials, rendering 
them light polarizing or especially transparent to light 
20 from various directions, and solidifying the matrices 
in an aligning electric or magnetic field as already 
discussed above and discussed hereinafter .in connection 
with the light modulating materials themselves. 

Still other features and advantages will become 
25 apparent to those skilled in the art from the following 
description of the best modes of the invention and the 
accompanying drawings . 
Brief Description of the Drawings 

In Figures 1, 2, 4, 5(a), 6(a), 6(b), 9, 10, 11, 
30 13A and 13B a fragment of three dimensional sheet material 
of the invention is depicted schematically in cross 
sectional elevation with a few representative microdroplets 
of liquid crystal contained in the resin (polymer) matrix 
providing the continuum of the inventive sheet. 
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In Figures 3, 5(b), 7(a), 7(b) and 8 such sheet 
material forms an element of the device depicted. 

More particulary Figure 1 illustrates a clear sheet 
with the microdroplets in the isotropic phase. 
5 Figure 2 illustrates an opaque sheet with the liquid 

crystal microdroplets in the liquid crystalline phase. 

Figure 3 illustrates an electrically actuated device 
incorporating the sheet in the clear state. 

Figure 4 illustrates the sheet in a stretched 
10 condition. 

Figure 5(a) illustrates the sheet phase separated 
in an applied field directed in the plane of the sheet. 

Figure. 5(b) illustrates an electrically actuated 
device incorporating the sheet of Figure 5(a). 
15 Figure 6(a) illustrates a sheet cured in a field 

normal to the plane of the film. 

Figure 6(b) illustrates the sheet of Figure 6(a) 
in an applied field directed in the plane of the film. 

Figure 7(a) illustrates the sheet in a stressed 
20 condition. 

Figure 7(b) illustrates an electrically actuated 
device incorporated the sheet of Figure 7(a). 

Figure 8 illustrates a thermoplastic sheet with a 
portion between electrically actuated electrodes. 
25 Figure 9 illustrates the sheet of Figure 8 with 

the electric field removed. 

Figure 10 illustrates the sheet containing micro- 
droplets of smectic A liquid crystal in the opaque, 
focal conic texture state. 
30 Figure 11 illustrates the sheet of Figure 10 in 

the transparent state. 

Figure 12 is a photomicrograph of the material of 
the invention. 
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Figures 13A and 13B di agr ammat ically illustrate 
scattering or viewing angles of light incident on a 
microdroplet of liquid crystal. 

Figure 14 illustrates an equilibrium phase diagram 
of a binary mixture of liquid crystal and matrix-producing 
composition . 

Figure 15 illustrates an equilibrium phase diagram 
of a ternary mixture of liquid crystal and matrix producing 
composition. 

Figure 16 is a schematic of the sequence of steps 
in the preparation of the material of the invention; 
and 

Figure 17 is a graph of average microdroplet diameter 
versus rate of cooling of the material of the invention. 
Best M ode for Carrying Out the Invention 

As used in the specification and the claims, the 
term "synthetic resin matrix-producing composition" or 
"matrix-producing composition" is intended to define 
the material which supplies the solidified resin (polymer) 
of the product. Prefered matrix-producing compositions 
with or without dissolved liquid crystal and the resulting 
solid light modulating material all appear to be fairly 
hydrophobic . 

Such solid resin, for the instant purposes, can 
be supplied by a matrix-producing composition such as: 
i) a mixture of resin and agent that is 
polymerizable with it to a useful solid (set) condi- 
tion (that is, whereby the size and position of ' 
the microdroplets are fixed in the optical device 
in the absence of further imposed stress) , e.g_. , 
by addition or condensation polymerization, typically 
a fluid mixture of epoxy or polyurethane resin and 
a curing agent therefor. Preferred polyurethane 
resins have high tensile and tear strength, A 
suitable polyurethane producing composition is a 
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ixture based on toluene di isocyana te , polyether 
glycols, methylenebisisoorthochloroaniline , and 
various polyols. a solution of unsaturated polyester 
resin in a polymeri zable monomer like styrene, 
5 also can provide a thermoset matrix; 

ii) a thermoplastic resin (polymer) that can 
be warmed to dissolve the liquid crystal without 
degrading it, then cast it out in microdropl ets 
upon cooling to useful solid condition. Typically 
10 these include certain thermoplastic epoxy resins, 

various polymers or copolymers containing vinyl 
butyral, alkylacrylates , styrene and alkyl substituted 
styrenes , isobutylene, vinyl chloride, butadiene, 
methylbutene and vinyl acetate; 
15 a thermoplastic resin (polymer) that can 

be put into homogeneous solution with the liquid 
crystal and a volatile solvent at a temperature 
that will not degrade the liquid crystal, then be 
solidified to cast it out in mi crodroplets by driving 
20 off the solvent, as by evaporation, (again without 

such degradation) using if necessary or desirable 
warming and possibly eventual cooling; and 

iv) polymeri zable monomers, dimers, oligomers 
and prepolymers and their mixtures that in liquid 
55 state will dissolve the liquid crystal,, then cast 

it out as microdroplets when polymerized to form a 
useful solid under conditions that preclude degra- 
dation of the liquid crystal. Such polyme r i za ble 
matrix-producing compositions include styrene, 
alkyl acrylates, butadiene, and various dimers, 
oligomers and prepolymers containing monomer units 
of one or more of such monomers. 

A volatile solvent here, as a practical matter, 
should have a normal boiling point at atmospheric pressure 
preferably no higher than about 100°C, but in some instances 
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a higher B.P., e.g., 150°C, could be tolerated. Such 
volatile solvent also can be useful in controlling the 
temperature of and assisting in the dissolving of liquid 
crystal in operations involving a polymerization for 
the instant purpose, particularly in making thermo- 
plastic matrices. 

"Phase separation" has been defined above. It is 
a convenient way to refer succinctly to the spontanteous 
appearance of anisotropic liquid crystal microdroplets 
from the homogeneous dissolution in and existence as an 
isotropic phase in a synthetic resin matrix-producing 
composition upon the solidification of the matrix. 
Regulated phase separation can be effected in several 
ways depending upon how such solidified polymeric matrix 
15 can be produced from such solution, using one or more 
of the following methods: 

i) by polymerizing one or a mixture of 
components of the matrix-producing composition, 
typically using heat, catalysis including but not 
limited to ultraviolet light, electron beam or the 
introduction of free radical catalyst or other 
effective catalytic substance; 

ii) by cooling a thermoplastic matrix-producing 
composition (thermal gelation).; 

25 b Y evaporating volatile solvent from a 

matrix-producing composition of a solution of a 
normally solid thermoplastic synthetic resin in 
such solvent, which solution will dissolve the 
liquid crystal,- the evaporation optionally being 
aided or controlled by warming and/or cooling ; 
such resin can be obtained in preformed state or 
made by polymerization for the purpose. 
Prior to phase separating, the dissolved liquid 
crystals do not appear to scatter incident light and 
35 the solution appears clear. 
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A "solidified synthetic resin (polymer) matrix" is 
one that fixes, in the absence of subsequent mechanical 
or electrical stress on the matrix, the size and shape 
of the liquid crystal microdrople ts for some practical 
5 use in the light modulating device. After such solidi- 
fication the application of special mechanical or electrica 
stress to the matrix can be used for providing particular 
operating characteristics. Clearly a high temperature 
of use could preclude the employment of low^ temperature 
L0 softening thermoplastic matrices and call for another 
type, such as a thermoset. The solidification of the 
synthetic resin (polymer) matrix here also can be termed 
"curing," "setting," or "hardening." The resulting 
solid matrix can be flexible or elastic or rigid, in 
15 other words solid enough to fix for use the micr odroplets 
in size and space in such matrix. 

.As used in the specification and claims, the term 
"thermoplastic resin" is used in its usual sense and 
includes any synthetic resin or polymer which can be 
20 heat softened and then resolidified by cooling. It is 

to be understood that "heat softening" of a thermoplastic 
resin upon the application of heat can occur over a 
transition temperature range and is not necessarily 
characterized by a sharp demarcation. 
25 The term "homogeneous solution" or "single phase" 

solution refers to a miscible mixture of liquid crystal 
and matr i x- producing composition macr oscopi cally appearing 
clear and homogeneous. The solution may be a liquid 
solution, a solid solution or in between. During phase 
30 separation the homogeneous solution phase separates 
when at least some of the liquid crystal appears as 
microdroplets . As phase separation proceeds, the matrix 
hardens. This halts the phase separation process and 
results in a stable liquid-crystal-rich phase in the 
35 form of microdroplets and a polymer-rich- phase in the 
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form of a matrix in which the microdroplets are embedded-. - 
A " plasticizing effect" refers to the lowering of the 
transition or softening temperature of a thermoplastic 
resin caused by liquid crystal which remains in solution 
in such resin after phase separation of part of the 
liquid crystal as microdroplets • A "plastici zed" resin 
may exhibit physical properties, such as refractive 
index n s and softening temperature, and electrical 
properties, such as resistivity and permittivity, which 
may be altered from those of the corresponding polymer 
alone due to the presence of dissolved liquid crystals. 

"Resistivity" and "permittivity" refer to the 
electrical properties of the liquid crystalline- plastic 
material of the invention and are used in the generally 
understood sense without regard to systems of measurement. 
The value of the product of the resistivity and the 
permittivity of the material of the invention is expressed 
in units of time and represents the memory time of the 
material, "Electrostatic image memory material" refers 
to a material of the invention having a memory time of 
approximately a second or greater so that the material, 
when charged by conducting electrodes, will act as a 
capacitor to retain the charge when the voltage is removed. 
"Electrostatic image memory" refers to the image memory 
of the material of the invention wherein the material 
or selected areas of the material are driven to the 
clear, transmitting state by the application of a voltage 
across transparent conducting electrodes applied to the 
material and wherein the material or selected areas 
remain clear and transparent upon the removal of the 
voltage for the memory time of the material unless switched 
to the opaque non- transmitting state by short circuiting, 
where upon the material remains opaque until driven 
clear . 
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"Switching time" refers to the time for the material " 
of the invention to respond to an applied voltage pulse 
by clearing and to the time for the material to turn 
opaque by short circuiting. Switching time to the ON 
5 (clear) state is generally shorter than the switching 

time to the OFF (opaque) state by short circuiting. In 
the electrostatic memory image materials of this invention, 
the switching time is very short compared to the memory 
time. 

10 The "transparency" or "transparency coefficient" 

refers to the ratio of light passing through the material 
when switched to its clear state to the light passing 
through electrodes in the absence of the material. 

The physical principle of operation of the invention 

15 is based on the ability of the birefringent liquid crystal 
microdroplets. to scatter or transmit light depending 
upon the relationship of the indicies of optical refraction 
of the liquid crystal and the matrix. Light scattering 
liquid crystals have an extraordinary index of refraction 

20 n e measured along their long axis which is greater than 
their ordinary index of refraction n Q measured in a 
plane perpendicular to that axis. The long axis defines 
the optic axis of the liquid crystal. Light scattering 
liquid crystals having positive dielectric anisotropy 

25 respond to an applied electric field by aligning their 

optic axes parallel to the direction of the field; those 
having negative dielectric anisotropy respond by aligning 
their optic axes perpendicular to the field direction. 
Light incident upon materials containing discrete 
30 areas of liquid crystals is either scattered or transmit- 
ted depending upon the relationship among the indices. 
For example, in devices employing nematic liquid crystals 
with positive dielectric anisotropy, the matrix is formed 
from a resin having an index of refraction n s substan- 
35 tially equal to the ordinary index of refraction n Q of 
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the liquid crystal. in the absence of an applied field, 
the liquid crystals entrapped in the generally spherical 
raicrodroplets have no preferred direction in which to 
align so that incident light encounters a mismatch between 
the index n s of the resin and the extraordinary index 
n e of the liquid crystal and is scattered. Application 
of a field causes alignment of the molecules with a 
resultant alignment of the extraordinary indices (optic) 
axes for each discrete quantity of liquid crystal. Align- 
ment of the optic axes normal to a surface upon which 
light is incident causes the microdroplets to present a 
refractive index of n Q for that light; since n Q is 
essentially equal to n s/ the incident light detects no 
mismatch between the indices and is transmitted so that 
15 the material appears clear. When the optic axes of the 
liquid crystals are aligned, such as by stretching the 
material, the component of plane polarized incident 
light perpendicular to the direction of strain is trans- 
mitted, while the other component is scattered by the - 
20 extraordinary index of refraction to achieve a light 
polarizing effect. 

The liquid crystal may have an ordinary index of 
refraction n Q matching the index of refraction n s of 
the matrix in the sense that incident light which encounters 
25 no effective difference between n s and n Q will not be 
visually perceptibly scattered. To improve contrast 
between the light transmitting and scattering state, a 
slight difference between n Q and n s may be desirable. 

Efficient scattering useful for light scattering 
displays occurs as long as the size of the liquid crystal 
droplet is on the order of the wavelength of the incident 
light, e.g_. , about 0.2-10 microns, or even larger, e_^ 

/ 50 microns and as long as the difference between~~n e 
and n s or n Q i s large enough to be an effective difference 
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so as to cause optical inhomogeneity with visually 
perceptible scattering . 

In temperature responsive displays, the index of 
refraction of the liquid crystal in its isotropic phase 
> is matched or similar to that of the matrix so that the 
material will transmit incident light, while an index 
of refraction in the liquid crystalline phase, usually 
the extraordinary index, is mismatched with respect to 
the refractive index of the matrix so that incident 
light is scattered and the material is opaque. 

Temperature responsive material can be prepared in 
accordance with the invention using nematic , cholesteric 
or many different kinds of smectic liquid crystals, as 
well as mixtures thereof. A thermo-optic response at 
any particular temperature can be obtained by the use 
of a liquid crystal that transforms at that temperature 
from the liquid crystalline phase to the isotropic phase. 
The process is reversible so that when the temperature 
of the material is decreased through the isotropic to 
liquid crystalline phase transition, the material switches 
from the clear to the opaque state. Thermo-optic devices 
that respond to different temperatures can be made using 
liquid crystals having different isotropi c- liquid crys- 
talline phase transition temperatures. 

As a temperature responsive material, there are 
several features of the invention that differ signif- 
icantly from prior art materials and devices and provide 
important advantages. The operation of prior art choles- 
teric liquid crystal devices such as disclosed, for 
example, in Patent No. 3,872,050, is based upon the 
Bragg scattering of light when the temperature dependent 
pitch length of the cholesteric helix becomes comparable 
to the wavelength of the incident light. The operation 
of those prior art devices which depend on phase changes 
of liquid crystal material, such as disclosed in Patent ^ 
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No. 4,279,152, requires altering the ordering of dye 
molecules in order to change light absorption properties. 
In the material of this invention, the temperature resolu- 
tion between the white opaque and clear states is governed 
by the width of the isotropic to liquid crystalline 
phase transition and as such is an improvement over the 
temperature resolution of conventional cholesteric devices 
which depend upon the width of the visible spectrum and 
the temperature dependence of the pitch length of the 
cholesteric helix. Another advantage of the invention 
is that visual contrast between the on and off states 
is controlled by the contrasting light scattering proper- 
ties of the dispersed liquid crystal in the isotropic 
phase relative to that in the liquid crystalline phase, 
15 whereas in the cholesteric liquid crystal temperature 
indicators of the prior art, the visual contrast is 
governed by the Bragg scattering properties of the twisted 
cholesteric material relative to a background substrate. 
The present invention also permits the use of a 
20 wide variety of liquid crystals and phases, including 
those which have high thermal stability and lifetime. 
The cholesteric liquid crystal indicators of the prior 
art have been restricted to cholesteric or chiral 
materials which have the appropriate temperature 
25 dependence of the pi tch. length . Such liquid crystals 
can have poor stability so that displays constructed 
with them have limited lifetime. 

Electrically or magnetically responsive material 
is prepared using nematic liquid crystal, or mixtures 
that behave as a nematic, and smectic liquid crystals 
including ferro-electric liquid crystals. Most preferably, 
the liquid crystals comprise cyanobi phenyl and may be 
mixed with cyanoterphenyls and esters. As used herein, 
the term "nematic" means nematic liquid crystal and 
liquid crystal mixtures having the properties of a nematic 
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liquid crystal. The dispersed liquid crystal in its 
resin matrix is placed between two conducting surfaces, 
one or both of which are transparent. When a voltage 
of the appropriate magnitude is applied to the conducting 
surfaces, the material will switch from a white opaque 
state to a clear state. The process is reversible upon 
removal of the voltage. If desired, a pleochroic dye 
can be incorporated into the liquid crystal to enhance 
the visual contrast between the clear and opaque states 
of the electrically responding material. By using a 
black dye, for example, the material will appear black 
in the opaque state. 

As an electrically responsive material, the inven- 
tion has features and advantages different from other 
15 known voltage or current responsive materials involving 
liquid crystals. With the material of the invention, 
an electric field from an a.c. or d.c. voltage source 
applied to the conductors on the surfaces of the material 
aligns the optic axes of the nematic liquid crystal 
microdroplets exhibiting positive dielectric anisotropy 
and the extraordinary index of refraction of the liquid 
crystal parallel to the electric field so that light is 
transmitted. Upon removal of the. applied electric field, 
the surface interactions between the resin matrix and 
25 the dispersed nematic liquid crystal rapidly restore 

the random alignment of the optic axes to the condition 
existing prior to the application of the electric field 
to achieve light scattering by the extraordinary index 
of refraction. The large number and small size of the 
30 dispersed liquid crystal droplets provide for a large 

surface area to volume ratio between the matrix and the 
liquid crystal to bring about the switching effect. An 
important characteristic of the invention is that the 
droplets can be readily shaped to yield fast switching 
35 times. With the- material of the invention, the clear 
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state to the opaque state response time can be made in 
approximately 1-10 milliseconds, when a pleochroic dye 
is incorporated into the liquid crystal the principle 
of operation remains different from other guest-host 
displays incorporating pleochroic dyes in that it is 
the matrix-liquid crystal surface interactions and the 
large surf ace- to- volume ratio of the dispersed liquid 
crystal that restores the nematic directors and hence 
the guest dye component to its random opaque state orien- 
tation upon removal of an applied electric field. This 
is in contrast to known "phase change" dichroic display 
cells in which a cholesteric component is added to the 
liquid crystal to cause or induce random alignment of 
the dye in the opaque state. 

One specific embodiment of an electrically respons- 
ive display cell incorporates a strained sheet or film. 
In the presence of an electric field -which aligns the 
extraordinary index of refraction normal to the surfaces 
of the sheet or film, unpolarized incident light is 
transmitted through the cell. in the absence of an 
electric field, the extraordinary index of refraction 
is parallel to the direction of strain, with the result 
that one component of plane polarized incident light is 
transmitted and the other component is scattered. The 
switch time of the stretched material is about 1 milli- 
second compared to 10-100 milliseconds with unstretched 
material. Such a cell can act as a light switch when 
incorporated with a second polarizer. 

Another embodiment of an electrically responsive 
polarizing material may be made with liquid crystal 
microdroplets in a cured flexible thermoset polyurethane 
film sandwiched between glass slides. Translating the 
slides relative to one another in the opposite directions 
(in shear) strains the film. The strained film scatters 
light polarized along the axis of strain and is transparent 
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to light polarized perpendicular to the axis of strain. 
Application of an electric field will switch the film 
to a non-polarizing transmitting state. Unstrained 
film may be switched from a non-polarizing scattering 
5. state to a non-polarizing transmitting state by the 
application of an electric field. 

An important feature of the present invention is 
the novel technique of phase separating the matrix- 
producing composition with dissolved liquid crystals in 
rtT the presence of an applied magnetic or electric field 
of sufficient strength to cause the liquid crystals in 
the microdroplets to align. The liquid crystals within 
the microdroplets are aligned during phase separation. 
Once the process is complete, the alignment becomes 
15 permanent and persists upon removal of the applied field. 
This field-alignment phenomenon allows the fabrication 
of switchable light polarizers. A switchable light 
polarizer which polarizes light in the absence of an 
applied voltage is made by selecting a liquid crystal 
20 with a positive anisotropy in the dielectric as well as 

diamagnetic susceptibility. A film of the liquid crystal 
dissolved in matrix-producing composition is phase separated 
in the presence of a magnetic field directed in the 
plane of the film. When the matrix is hardened, the 
2.5 optic axes of the liquid crystal microdroplets are aligned 
in the plane of the film. The material, e.g_. a film, 
polarizes light. Placing the cured film between trans- 
parent electrodes and applying a voltage of sufficient 
strength causes the polarizing effect to be switched 
30 off.' 

A switchable polarizer which polarizes light in 
the presence of an applied field is made by selecting 
liquid crystals having a positive dielectric anisotropy 
and phase separating in an a.c. field created by applying 
35 voltage to conducting surfaces on a film. When the 
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film is hardened, the optic axes of the liquid crystal 
droplets are aligned in a direction normal to the film 
surface. The film is clear and non-polarizing. Appli- 
cation of an electric or magnetic field in the plane of 
the film causes the film to switch to a polarizing' state. 

Optically switchable polarizers can be fabricated 
by phase separating a film of dissolved nematic liquid 
crystal and matrix-producing composition in the presence 
of an applied electric or magnetic field strong enough 
to cause the optic axis of the liquid crystal microdroplets 
to align normal to the film surface. The product film 
is clear and non-polarizing. High intensity electro- 
magnetic radiation can cause the optic axes of the droplets 
to reorient so that the film becomes opaque and light 
15 scattering. 

f Display materials with improved light scattering 
properties can be fabricated with films containing 
microdroplets exhibiting positive dielectric anisotropy 
and distorted by a compressive strain applied to the 
film. The distortion aligns the extraordinary index of 
the refraction of the liquid crystals parallel to the 
surface of the film, but random in the plane of the 
film. In the absence of an applied field, this film 
scatters light and appears opaque; it can be switched 
to a clear state by the application of voltage 
a.c. voltage, of sufficient strength to switch the optic 
axes of the liquid crystals to a direction normal to 
the surface. A display formed from this material would 
be expected to have improved contrast over displays 
made with spherical microdroplets in that the index 
mismatch is maximized in such films in the scattering 
state. A compressive strain can be conveniently made 
with a thermosettable solution between stiff electrodes 
of a cell containing same by suitable adjustment of the 
curing temperature such that contrasting thermal expan- 
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sivities between such cell walls and the substances 
undergoing phase separation induce the compressive 
strain . 

For electrically responsive uses the switching 

5 time of the material is affected by the microdroplet 

size and by the relative values of n s , the resin matrix 
with residual liquid crystal still as solute in isotropic 
phase, and n 0 , the ordinary index of refraction of the 
liquid crystal. For instance, large, microdroplet sizes 

I0 and values of n s greater than n Q generally yield longer 
switching times. Normally, the indices of refraction 
of liquid crystals cannot be altered without significantly 
altering their other properties, and rendering them less 
useful for display purposes. The present invention 

15 allows for the fine adjustment of the index of refraction 
of the matrix in which the liquid crystal is entrapped. 
The index of refraction n s can be adjusted to match, or 
to mismatch in a specified way, the ordinary index of 
refraction n Q of the liquid crystal. This adjustment 

20 regulates transparencies and switching times of the 

materials to optimize materials for specific applications. 

For instance, flat panel displays, such as television, 
where images on the display screen are updated at a 
rate the human eye cannot detect, require switching 

25 times on the order of about a millisecond. Such displays 
also require high transparency in the ON or clear state 
in order to achieve a high degree of brightness or contrast 
in the displayed images. Flat panel displays utilizing 
the light scattering material of the present invention 

30 can exhibit these desired features because the value of 

the refractive index of the matrix is adjustable relative 
to the ordinary index of refraction of the liquid crystal. 

Other applications, such as alphanumeric time- 
temperature displays where the image does not need to 

35 be updated at a high switching speed, may require a 
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larger viewing angle so that the image may be read from 
the side of the display in preference to straight on. 
Large viewing angles are exhibited by the light scattering 
material of the present invention when the relative 
value of the refractive index of the matrix is altered 
to match an effective index of refraction presented by 
the aligned liquid crystal microdroplet at an angle 
from the optic axis, that is, an index somewhere between 
the ordinary and extraordinary indices. 

The discovery that the novel liquid crystalline- 
thermoplastic material may exhibit altered electrical 
properties makes possible the fabrication of liquid 
crystal devices which combine fast switching times and 
high transparency with electrostatic image memory. Such 
devices simplify the fabrication of flat panel displays 
by providing less complicated and expensive manufacturing 
procedures, and- provide for new types of optical processing 
devices in which the memory can be periodically refreshed 
to maintain an image indefinitely. 

The preferred types of liquid crystals will align 
in their preferred direction upon the application of an 
electric or magnetic energy field. Orientation of the 
optic axes of the liquid crystal microdroplets is achieved 
when the long axes of all the microdroplets point in 
the same direction within the sheet or film; this, in 
turn is achieved when the individual liquid crystal 
molecules point in generally the same direction (orien- 
tational order). In a sheet or film of microdroplets 
of nematic liquid crystal in the unoriented state, the 
individual molecules within a given microdroplet point 
in generally the same direction, but the direction of 
pointing varies from droplet to droplet. The individual 
molecules of smectic liquid crystal droplets in the 
unoriented state do not point in the same direction, 
but are gathered into focal conic domains; each micro- 
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droplet exhibits an overall focal conic texture. Oriented 
liquid crystals in the smectic phase, however, have 
partial positional order in addition to or ientat ional 
order in that not only do they point in generally the 
same direction, but they do so positioned in layers. 
Oriented liquid crystal molecules in the smectic A phase 
are generally parallel to one another within a given 
layer and perpendicular to the layers. Liquid crystal 
molecules in the smectic C phase are longer than the 
thickness of the layer so that the molecules may be 
described as tilted at a characteristic angle relative 
to the layer; oriented smectic C liquid crystals have 
positional order in that the molecules within the layers 
tilt at generally the same angle relative to one another 
15 and from layer to layer. 

Application of an electric field to microd roplets 
of nematic liquid crystals having positive dielectric 
anisotropy causes the molecules to reorient parallel to 
the field but does not effect positional order. Removal 
of the field results in the molecules returning to their 
original random orientation. Application of an electric 
field to droplets of smectic A liquid crystal in the 
unoriented or focal conic state causes orientation of 
the liquid crystal molecules parallel to the field and 
25 of the layers perpendicular to the field; the orientation 
persists upon field removal. Because smectic liquid 
crystals in layers are capable of memory without an 
applied field, a return to the focal conic orientation 
is achieved by the application of thermal energy. 
Thermoplastic image memory is achieved by the application 
of an energy field to the surface of thermoplastic 
material of this invention, e.£. , a film, or to a selected 
area thereof. The area may be in any desired shape, 
such as an alphanumeric character or the like, or it 
35 may include the entire surface. 
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In the case of a film having microdroplets of nematic 
liquid crystals with positive dielectric anisotopy, 
thermoplastic image memory is achieved by selecting a 
nematic liquid crystal with a liquid crystalline to 
isotropic phase transition temperature above the softening 
point of the thermoplastic matrix, softening the matrix, 
applying a field to orient the liquid crystal microdroplets 
in the softened matrix, and then rehardening the matrix 
in the presence of the field so that the microdroplets 
in the hardened matrix remain oriented upon removal of 
the field. A field applied normal to the film surface 
aligns the optic axes of the liquid crystal microdroplets 
within the selected area in the direction of the field, 
i.e., normal to the surface. The aligned nematic liquid 
15 crystal interacts with the softened matrix in such a 
way that rehardening in the continued presence of the 
field results in the optic axes of the liquid crystal 
microdroplets within the selected area retaining their 
parallel alignment in the direction normal to the film's 
20 surface upon removal of the field. 

In the case of a film having microdroplets of smectic 
liquid crystal, thermoplastic image memory may be achieved 
by simply applying a field to orient the randomly aligned, 
focal conic texture droplets within a selected area and 
25 thereafter removing the field. The droplets retain the 
orientation upon removal of the field. A field applied 
normal to the film surface aligns the droplets in the 
same direction, i.e. normal to the surface. 

Light normally incident upon the areas of the mate- 
rial where the liquid crystals are aligned normal to 
the surface will not detect an effective difference 
between the ordinary index of refraction n Q of the liquid 
crystal and that of the resin n s ; these areas will appear 
clear and will remain clear indefinitely. Conversely, 
light incident upon non-selected areas, where the droplets 
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of liquid crystals are randomly aligned, will experience 
a large difference between the extraordinary index of 
refraction n e of the liquid crystal and that of the 
resin n s ; the non-selected areas will appear opaque and 
remain opaque indefinitely. Where the selected area is 
in the shape of an alphanumeric character, for instance, 
the character will appear clear and the area surrounding 
the character will be opaque . When the entire surface 
of the. nematic liquid crystal softened film is exposed 
to an aligning electric or magnetic field and rehardened 
in the presence of the field, the entire film will remain 
clear. Similarly, exposing the entire surface of a 
smectic liquid crystal film to an aligning field causes 
the entire film to be clear. A clear smectic film can 
be further manipulated to achieve an opaque character 
on a clear background by the application of thermal 
energy to a selected area in the shape of the desired 
character. Application of heat causes the smectic liquid 
crystals in the selected area to return to the random, 
focal conic scattering state. 

Thermoplastic images may be erased and the entire 
film returned to the scattering, opaque state by warming 
the film. For nematic films, the warming should be to 
a temperature above the softening point of the resin. 
Warming the film above the softening point reverses the 
conformational changes and causes the liquid crystal 
microdroplets to return to a random arrangement. 
Rehardening results in a material that will scatter 
incident light and appear opaque . 

. Microdroplets of nematic liquid crystal may be 
elongated by the application of mechanical stress, such 
as stretching or shearing, while the matrix is soft and 
by maintaining the stress while the film is rehardened. 
The stress may be removed once the film rehardens and 
the droplets will remain elongated along the direction 
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of the mechanical stress. Where the mechanical stress 
aligns the droplets parallel to the surface of a sheet, 
for instance, the sheet will polarize incident light. 

An electromagnetic beam may be used to switch a 
clear film to opaque. The electromagnetic beam incident 
on the film matrix causes it to soften so that the liquid 
crystals within the film return to the random, scattering 
state. A dye which absorbs electromagnetic radiation 
may be included in the film. For instance, a dye may 
be incorporated which absorbs in the infrared radiation 
range. A film having such a dye would be warmed by 
absorbing the infrared component of incident electro- 
magnetic radiation while the electrical component of 
the incident electromagnetic, radiation would align the 
15 optic axes of the droplets in the plane of the film. 
The film would then scatter and would remain in the 
scattering state when the source of radiation was removed. 

Fabrication of display devices utilizing the techniques 
of the present invention to control the growth of micro- 
20 droplets results in liquid crystal display devices having 
optimized display characteristics, such as contrast and 
response times. 

For truly rigid thermoset matrices there basically 
is but one time to control microdroplet size. For thermo- 
25 Plastic matrices that can be reworked with heat, either 

to redissolve the microdroplets and effect a phase separa- 
tion again or simply to enlarge microdroplets without 
redissolving all of them, the initial microdroplet average 
diameter obtained upon first phase separation often is 
30 desirably changed by such reworking. 

In general, smaller microdroplets yield faster 
switching times upon the application of an electric 
field, but require a greater threshold switching voltage 
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than larger microdroplets. While not wishing to be 
bound by any particular theory of operation, this phenomena 
appears due to the competition between the surface 
interaction of the microdroplet and the external field: 
5 the smaller the microdroplet, the larger the surface to 
volume ratio and hence the more influential the surface. 
Larger microdroplet displays have a lower threshold 
voltage because there is less surface force to overcome. 

The techniques of the present invention make possible 
10 the selection of switching times depending upon the 

ultimate application of the display device. Where fast 
switching times are needed, such as in flat panel displays 
which update images faster than detectable by the human 
eye, the techniques of the present invention allow for 
15 the fabrication of small microdroplets. Where fast 

switching times are not necessary, such as in various 
alphanumeric time and temperature displays, the present 
techniques permit the formation of larger microdroplets. 
In general, light scattering efficiency increases 
20 as microdroplet diameter approaches the wavelength of 

the light being scattered; increased scattering efficiency 
increases the contrast between the ON and OFF electrical 
switching states. Where greater contrast is needed, 
such as in projection type displays employing a relatively 
25 narrow wavelength spectrum source, the techniques of 

the present invention enable the production of microdroplets 
approximating the wavelength of the source. 

The present invention also allows for the fabrication 
of light shutters for regions of the electro-magnetic 
30 spectrum other than the visible, such as the infrared 
or ultraviolet regions, by enabling the formation of 
microdroplets having diameters approximately equal to 
the wavelength of infrared or ultraviolet radiation. 
Fabrication of displays made in accordance with 
35 the method of the present invention is much easier than 
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with previous methods. A display can be made from a 
piece of thermoplastic material by warming it above the 
softening point temperature and then sandwiching it 
between conductive glass or plastic plates spaced apart 
5 at a selected thickness. if a display of another shape 
or thickness is desired, the previous display may be 
disassembled and the liquid crystal- thermoplastic resin 
may be reshaped by heating it until it is soft, forming 
it into the desired shape and thickness and then cooling 
10 it to form a display with the desired characteristics. 

The material also lends itself to hot melt-type processing 
wherein hot thermoplastic resin and hot liquid crystal 
need merely be contacted to form a homogeneous solution, 
as by dipping a thin, heated" sheet of resin into a hot 
15 liquid crystal bath. Displays may then be reworked 
simply by reheating above the softening point. The 
ability to be reworked and reused lessens waste and 
increases the efficiency of the manufacturing process. 

Referring now to the drawings, Figure 1 illustrates 
a preferred display material of the invention consisting 
of solid, light transmissive matrix 10 which contains 
microdroplets 11 of liquid crystal. As shown in Figure 
1, the liquid crystal component is at a temperature 
such that it is in a clear isotropic phase. The liquid 
crystal is selected so that its optical index of refrac- 
tion in the isotropic phase, ni , has a value similar to 
that of the clear resin, n s , so that light, as at I 0 , 
incident upon the material will pass readily through it 
unscattered, as at I T . The material in the condition 
illustrated in Figure 1 is referred to as being in the 
clear state. 

Figure 2 illustrates the same material except that 
the liquid crystal component 11' is in a liquid crystal- 
line phase. The liquid crystalline phase can be a nematic, 
35 cholesteric or smectic phase or mixtures thereof. when 



20 



25 



30 



WO 87/01822 



PCT/US86/01927 



10 



• " '"2 8 

in the liquid crystalline phase, the index of optical 
refraction, i.e., the extraordinary index of refraction 
n e , is different from that of the isotropic phase and 
that of the matrix 10 so that incident light, as at I Q , 
will be scattered by the liquid crystal, as at l s . The 
mismatch between the index of refraction of the resin 
matrix, n s , and that of the liquid crystal, n e , and the 
light scattering properties of the liquid crystal micro- 
droplets cause the material to scatter light. The material 
in the opaque state illustrated in Figure 2 appears as 
a white opaque texture. The matrix containing the liquid 
crystal switches from a clear state to a white opaque 
state as the temperature is decreased to change the 
liquid crystal from the isotropic to the liquid crystalline 
15 phase. 

Thermally responsive materials that respond to 
different temperatures are easily* prepared using liquid 
crystals with different isotropi c-liquid crystalline 
phase transition temperatures. With currently existing 

20 nematic liquid crystals, it is possible to obtain a 

liquid crystal with an isotropi c-nematic phase transition 
at any temperature within the range from -30°C to 250°C. 

Figure 3 illustrates an electrically responsive 
device 15 capable of being reversibly switched between 

25 the opaque and clear states. A clear matrix 16 containing 
microdroplets 17 of liquid crystal having an ordinary 
index of refraction n Q similar to the refractive index 
of the matrix is sandwiched between electrical conductors 
18, one or both of which are transparent. A voltage 

30 source 19 is connected to the conductors 18 by a switch 
20 having off and on positions 21, 22 respectively. As 
illustrated in Figure 3, when an electric field is applied 
across the liquid crystal-polymeric matrix material by 
closing the switch 20, the material appears in the light 

3 5 transmissive or clear state. The application of the 
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electric field has the effect of aligning the extraordinary 
index of refraction n e of the liquid crystal in a direction 
normal to the surface of the film thereby allowing incident 
light as at I Q to pass through the display device 15 
5 unscattered to emerge as at I T . When the voltage source 
19 is disconnected by placing the switch 20 in its off 
position 21, surface interactions at the droplet wall 
between the liquid crystal and the resin return the 
droplets to their random orientation as illustrated in 
10 Figure 2 so that the liquid crystal- polymeric matrix 
material of the device appears as a white opaque tex- 
ture . 

Figure 4 illustrates the optical response that is 
obtained when the display material of the invention is 
stretched by creating a mechanical strain, as indicated 
by the arrows 30. The matrix is designated by reference 
numeral 32 and the mi crodroplets of liquid crystal that 
are elongated in the direction of stretch are desig- 
nated by reference numeral 34. The liquid crystal can 
20 be nematic, smectic or cholesteric or a mixture thereof 

in the liquid crystalline phase. Preferably, the ordinary 
index of refraction n Q of the liquid crystal is similar 
to the refractive index n s of the matrix. 

Stretching of the material results in a distortion 
25 of the liquid crystal micr odroplet . The spherical droplet 
adopts an elliptical shape with the long axis of the 
ellipse parallel to the direction of stretch. This 
distortion of the microdroplet results in the liquid 
crystal within the microdroplet aligning itself with 
the long axis of the ellipse. The result is that upon 
stretching all liquid crystal microdroplet s will have 
their optic axes and hence their extraordinary index of 
refraction, n e , aligned with the direction of stretch. 
Unpolarized incident light, as at l 0 , will have components 
35 which are parallel to the stretch direction and parallel 
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to the optic axes of the microdroplets . These components 
will experience a large difference between the refractive 
index of the liquid crystal microdropl et , n e/ and that 
of the surrounding matrix, n s , and will be scattered, 
5 Components of the incident light in a direction orthogonal 
to the direction of stretch will encounter a refractive 
index within microdroplet that is similar to the matrix 
and will pass through the film unaffected. The film 
therefore acts as a light polarizer. In addition to . 
10 the polarizing effect, it has been found that the appli- 
cation of mechanical stress to the liquid crystal-polymeric 
matrix material embodied in an electrically responsive 
cell as shown in Figure 3 decreases the switch time 
between the field-on and field-off states, 
15 Figure 5(a) illustrates a scattering polarizer 50 

that is obtained when the material of the invention is 
phase separated or hardened in the presence of a magnetic 
or electric field, as indicated by the arrow 52, The 
solid, clear matrix is designated by reference numeral 
20 54 and the microdroplets of liquid crystal having their 
extraordinary index of refraction n e aligned in one 
direction in the plane of the film are designated by 
reference numeral 56. The liquid crystal has a positive 
anisotropy in the dielectric and diamagnetic susceptibility. 
25 When phase separated or hardened in the presence of an 
a.c. electric field or magnetic field of sufficient 
strength to orient the liquid crystal microdroplets 
during the process, the microdroplets will retain that 
orientation upon removal of the field. The film will 
30 serve as a light polarizer similar to that of the stretched 
film described above in conn-ection with Figure 4. 

Components of incident unpolarized light, as at 
I Q , which are parallel to the direction of alignment 
of the extraordinary index of refraction will be scattered, 
35 as at I s , due to the mismatch between the index of refrac- 
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tion of the matrix n s and the aligned optical axes n e 
of the liquid crystal microdroplets. Incident light 
polarized orthogonal to the direction of alignment will 
encounter no difference between the ordinary index of 
refraction n Q of the microdroplet 56 and that of the 
matrix n s and will be transmitted polarized as at I T . 
The scattering polarizer 50 of Figure 5(a), as well as 
the stretched film of Figure 4, can be switched to a 
non-polarizing light transmissive state in a manner 
shown in Figure 5(b), where the matrix 54 containing 
the microdroplets as at 56 1 is sandwiched between electrical 
conductors 58, both of which are preferably transparent. 
A voltage source 60 is connected to the conductors 58. 
The application of the electric field has the effect of 
aligning the extraordinary index of refraction normal 
to the surface of the film thereby allowing incident 
light to pass through un polarized. When the voltage 
source 60 is disconnected by placing the switch 62 in 
its off position the microdroplets relax to their 
equilibrium orientation illustrated in Figure 4 and 
Figure 5(a) and the display material again polarizes 
incident light. 

Figure 6(a) illustrates a film 70 that is obtained 
when the material of the invention is phase separated 
25 or hardened in the presence of a.c. electric or magnetic 
field as indicated by the arrow 72. The solid, matrix 
is designated by the reference numeral 74. The micro- 
droplets of liquid crystal having their extraordinary 
index of refraction n e aligned normal to the surface of 
the film are designated by the numeral 76. The liquid 
crystal has a positive dielectric or diamagnetic anisotropy. 
Incident light as at I 0 encounters no difference between 
the extraordinary index of refraction n e of the micro- 
droplet and the refractive index n s of the matrix and 
is transmitted unscattered as at I T# The film appears 
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clear. Figure 6(b) illustrates the film of Figure 6(a) ■ 
when subjected to an applied field in the plane of the 
film as indicated by the arrow 80. The field may be a 
magnetic field, an electric field or an electromagnetic 
field such as that created by a high intensity light 
source. The application of the field has the effect of 
aligning the extraordinary index of refraction n e in 
the plane of film. Components of unpolarized incident 
light in a direction parallel to the direction of align- 
ment of the extraordinary index of refraction will 
encounter a mismatch between the extraordinary index of 
refraction of the microdroplet and the index of the 
matrix and. will be scattered. Components of unpolarized 
incident light in a direction orthogonal to the direction 
of alignment of the extraordinary index of refraction 
will encounter no such mismatch and will pass through 
the device as polarized light, as at I T . 

Figure 7(a) illustrates a film 90 that is obtained 
when flexible thermoset material of the invention having 
nematic liquid crystal exhibiting positive dielectric 
anisotropy is strained by a squeezing which occurs when 
the material is phase separated or hardened at a temperature 
such that there is a mismatch between the thermal expansivity 
of the matrix 92 and that of constraining cell walls 
94. The disk- like microdroplets of liquid crystal having 
their extraordinary index of refraction aligned parallel 
to the surface of the film but random in the plane of 
the film are designated by the numeral 96. Incident 
light will be scattered due to the mismatch between the 
extraordinary index of refraction of the microdroplets 
96 and the matrix 92, and the device will appear opaque. 
The disk- like microdroplets of Figure 7(a) will have an 
enhanced scattering effect as compared to the spherical 
microdroplets of Figure 2, since n e lies in the plane 
of the film for all the microdroplets 96. Figure 7(b) 
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shows the resin 92 containing microdroplets 96' sandwiched 
between conducting electrodes 94'. Application of a 
voltage across electrodes 94' causes the extraordinary 
index of refraction to align in a direction normal to 
5 the film surfaces. Light incident upon the device will 
detect no difference between the indices of refraction 
of the microdroplets 96' and the matrix 92 and will be 
transmitted unscattered resulting in a clear device. 
Such films exhibit improved display contrast over films 
10 with spherical microdroplets. 

The liquid crystal-polymeric matrix material is 
normally a flexible solid and can be cut, cast or reworked 
into films or large articles. The thermally responsive 
material has applicability in high resolution, high 
15 visual contrast thermometers or temperature indicators 
which can, for example, be used in medical or other 
technologies, cold food packaging, refrigeration, ice 
detection on road surfaces, and medical thermograms for 
the detection of breast cancer, the location of the 
20 placenta, etc. This material also can be used in thermally 
addressed high contrast, wide viewing angle, flat panel 
displays. Such displays can be electrically addressed 
by a resistant or Joule-Thomson effect device to locally 
change the temperature of the material. The material 
25 can also be addressed by a high intensity light beam to 
locally heat the material surface. 

Electrically responsive and polarizing devices as 
illustrated in Figures 3, 5(b) and 7(b) can be constructed 
by deposition or painting of transparent conductive 
coatings on the surfaces of the material or by curing 
the resin while sandwiched between two plates containing 
transparent conductive coatings. The visual contrast 
between the opaque and clear states can be enhanced by 
a suitable background such as one which is dark or lighted. 
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Electro-optic displays that are black or colored 
in the opaque state can be constructed by the addition 
of a dichroic dye to the liquid crystal. For example, 
an electro-optic display as in Figures 3 or 7(b) which 

5 is black when no voltage is applied but white when a 
voltage is applied can be constructed by the use of 
nematic liquid crystal containing a black pleochroic 
dye. Such a liquid crystal when cured in a clear resin 
and placed on a white background can achieve a white on 

10 black display. 

A scattering polarizer film as illustrated in Figure 
4 can be used as a strain monitor. The direction of 
strain placed on the film controls the direction in 
which the film polarizes. A change in the direction or 

15 magnitude of the applied strain results in a change in 
the direction or. degree of polarization. The change of 
polarization can be monitored by viewing the film through 
a polarized lens. 

Electrically addressable scattering polarizers can 

20 be fabricated by stretching or by curing in the presence 
of a field as illustrated in Figures 4 and 5(b), respect- 
ively. A voltage of sufficient magnitude applied to 
transparent conductors on one of these films aligns the 
optic axes of the microdroplets normal to the surface 

25 of the film and causes the polarizing effect to be switched 
off and the film to appear transparent. Such a material 
is useful in display windows or other devices where it 
is desirable to switch the polarizing effect off and 
on . 

30 Optically switchable materials can be fabricated 

with films prepared by curing in the presence of an 
applied field or by straining so that the extraordinary 
index of refraction, n e , is aligned normal to the surface 
of the film. Such a film is clear and transmits light 

35 at normal light intensities. Incident light of sufficiently 
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high intensity will cause the liquid crystals to reorient " 
so that the optic axes of the micr odroplets is switched 
to a direction in the plane of the film. This film 
will scatter light and appear opaque. The film acts as 
a non-linear optical device to be used as a protective 
coating to a high intensity electromagnetic source or 
as a device in optical computing. A non-linear optical 
response is also possible in which high intensity incident 
light changes the value of the refractive indices of 
the liquid crystal relative to the index of the resin. 

The material of the present invention when fabricated . 
with thermoplastic resin offers the advantage of a memory 
feature. Figure 8 illustrates the preparation of a 
thermoplastic material which will exhibit contrasting 
opaque and clear areas, such as for alphanumeric displays. 
A sheet as shown in Figure 3; heated to a temperature 
above the softening point of the resin 130, but below 
the liquid crystalline phase to isotropic phase transition 
temperature o^ the liquid crystal, is exposed to an 
aligning electric field between electrodes 140, 142 
laid out in a desired pattern. The sheet may also be 
heated to above the liquid crystalline to isotropic 
phase transition temperature and then allowed to cool 
to a temperature below the isotropic to liquid crystalline 
phase transition, but above the softening point of the 
matrix for the aligning step. The optic axes of the 
microdroplets 134 of the softened matrix 130 align in 
the direction of the electric field, i..e . , normal to 
the surface of the sheet. .The optical axes of microdroplets 
138 not exposed to the field do not align. Subsequent 
cooling to a temperature below the softening point while 
the field is maintained yields the material illustrated 
in Figure 9. 

Figure 9 shows the material of Figure 8 after the 
matrix 150 is rehardened and the electric field removed. 
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Light incident on the material is either transmitted or 
scattered depending upon the match or mismatch of indices 
of refraction of the matrix and that of the liquid crystal 
as detected by the incident light. Light I 0 incident 
upon the matrix 150 with aligned optical axes of micro- 
droplets 154 experiences no mismatch of indices n s/ n Q 
and is transmitted, causing the area containing micro- 
droplets 154 to appear clear. Light I 0 ' incident upon 
the matrix 150 with randomly oriented microdroplets 152 
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experiences a large difference between the index n s and 
the overall randomly oriented extraordinary index n e 
and is scattered, as at I s ', causing the area to appear 
opaque. 

The material of Figures 8-9 has a number of appli- 
cations. It can, for instance, act as a temperature 
monitor, signaling a visual alarm if the ambient tempera- 
ture of the material has risen above .a certain selected 
value. The alarm is visible even if the ambient tempera- 
ture returns below the selected value. A matrix may be 
used, for example, with a softening temperature of 0°C. 
A film of the resin can be affixed to a frozen item, 
such as food package. The film can be prepared with a 
suitable image, such as "OK" . The image "0K° will remain 
as long as the film is maintained below 0°C. If the 
temperature of the item is raised above 0°C , however, 
the image is erased and will not reappear even if the 
item is subsequently refrozen. 

The material of the invention may be used as an 
erasable label. An image can be impressed upon the 
material with the application of a proper voltage and 
heat. The material will maintain the image until once 
again heated. Alphanumeric information can be written 
with patterned seven segment electrodes. A character 
is written by addressing the appropriate segments with 
a voltage while the film is heated and then cooled. 
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Such labels would be useful for pr icing .labels on store 
shelves. The material could be sandwiched between plastic 
sheets with patterned conducting surfaces. An additional 
thin metallic layer on the plastic may be used for resistive 
heating. An image may be impressed on such a label by 
charging the appropriate segments while heating and 
cooling the film. Electrical contacts on the edge of 
such a label would allow the label to be addressed by a 
simple hand- held unit which would be programmed to charge 
the appropriate segment while providing the current to 
heat the film. This would offer a fast, simple means 
of updating displayed retail prices. 

The material of the invention can also be used to 
form multiplexed flat panel displays with a larger number 
of picture elements than can be obtained with devices 
without the memory feature of the present invention. 
The material of the present- invention does not require 
an active matrix to maintain an image. Further, only 
the picture elements to be altered within an image need 
20 to be addressed. Clear picture elements are formed by 

warming and cooling in the presence of an external field, 
and opaque elements are formed by warming and cooling 
in the absence of an external field. 

Figure 10 shows a matrix 170 which has microdroplets 
of smectic A liquid crystal 174. As shown in Figure 10 
the liquid crystals are in the focal conic state with 
no preferred direction of alignment, so that the n e are 
randomly oriented within the matrix. Light incident on 
the material, as at I 0 , detects a mismatch between n s 
and n e and is scattered, as at I s . The material appears 
opaque . 

Figure 11 shows the material of Figure 10 after 
the resin 180 containing smectic A liquid crystal micro- 
droplets 184 has been subjected to an electric field E 
in the illustrated direction, and the field removed. 
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The layers are aligned perpendicular to the direction 
the field is applied and the long axis of the liquid 
crystal molecules are normal to the film surface. 
Normally incident light l Q » detects no mismatch between 
the indices n Q and n s and is transmitted through the 
material as l t . The material of Figure 11 appears clear. 

An important feature of the present invention provides 
for the preparation of liquid crystal- thermoplastic 
matrix materials having a very high ratio of liquid 
crystal to polymer. Such liquid crystal should exhibit 
positive dielectric anisotrophy and preferably is nematic . 
The ratio can be at least 1:1 and preferably is about 
1.5-2.0:1. The high concentration of liquid crystal 
yields displays with high contrast between clear and 
15 opaque areas, making easily readable displays. Table IA 
summarizes the ratios of polymer to liquid crystal for 
various materials made in accordance with the invention 
as in Example XXX below. Table IB lists the properties 
of the electrically switchable cells fabricated with 
the materials and ratios of Table IA. 

Table IA 



20 







Polymer Liauid 


Crystal 


Ratio 




1. 


polyvinyl acetate) 


E7 


1: <1 




2. 


poly (vinyl acetate) 


E7 


1: 1.5 


25 


3. 


poly (vinyl formal) 


E7 


1:0.6 




4. 


poly (vinyl formal) 


E7 


1:1.8 




5. 


polycarbonate 


E7 


1:1.8 




6. 


poly (vinyl butyral) 


E7 


1: 1.5-2 . 0 




7. 


poly (vinyl methyl ketone) 


E31 


1:2 .0 


30 


8. . 


poly (methyl acrylate) 


E2 0 


1: 1. 5 




9. 


poly (cyclohexyl me thacryl ate ) 


E31 


1:2.0 




10. 


polyisopr ene 


E2 0 


1:2.0 




11. 


poly(ethyl methacrylate) 
(high M.W. ) 


E2 0 


1:2.0 


35 


12. 


poly (isobutyl methacrylate) 


E2 0 


1:2.0 
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x d u j_ e id 

Polymer 


"O t" /-\ y ^ \t Poll 
IT L\J L Ly UL C X -L 


1. 


Dolv (vinvl acet-afpl 


no pnase separation 


2 . 


Dolvfvinvl acpfaf 


f ai r 


3 . 


polv (vinvl formal ^ 


no pnase separation 


4 • 


polv (vinvl formal ^ 


excellent 


5. 


DO 1 V c a t bo naf o 


fai r 


o • 


poiy ^vinyi Dutyrai) 


excellent 


7 


poxy \vinyi metnyl Ketone) 


excellent 


8. 


poly (methyl acrylate) 


excellent 


9. 


poly (cyclohexyl methacrylate) 


good 


10. 


polyisopr ene 


good 


11. 


poly(ethyl methacrylate) 


good 




(high M.W. ) 




12. 


poly (isobutyl methacrylate) 


fair 



The properties of these cells listed in Table IB 
were assessed as follows: 

f air good excellent 

transparency <60% "70-90% >90% 

switching time 50-100 msec 10-50 msec <10 msec 
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contrast medium medium to high 

high 

As seen in Table IB, ratios of polymer to liquid 
crystal greater than about 1:1 did not result in 
macroscopically visible phase separation for cells No. 1 
and No. 3. 

An important property of the liquid crystalline- 
polymeric material of the invention is that the phase 
separated polymer forms a coherent closed-cell type 
matrix around the micr odrople ts of liquid crystal- 
Figure 12 is a photomicrograph of the material of 
Example XXIII showing a honey comb- like structure formed 
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by the phase separation of poly (methyl methacrylate ) 
and liquid crystal E7. The closed cell type matrix 
maximizes the amount of liquid crystal entrapped in the 
material, yet yields a sturdy sheet or film that does 

5 not allow the liquid crystal to bleed out. 

The index of refraction n p of the polymer is adjusted 
to a value of n s by the plasticizing with liquid crystal 
which occurs during phase separation and microdroplet 
growth. Transparency is affected by the relative values 

10 of n s of the matrix (with dissolved liquid crystal therein) 
and n 0 of the liquid crystal. For instance, in the 
case of devices using nematic liquid crystals of the 
cyanophenyl type, n Q = 1.51; therefore to achieve maximum 
transparency for normally incident light the matrix n s 

15 should be as near as possible to 1.51. Dissolved liquid 
crystal can tend to warp it towards such .value. 

Likewise, the relative values of n s and n Q affect 
the electrical switching time of these devices having 
thermoplastic matrices with microdr ople ts of nematic 

20 liquid crystal (exhibiting positive dielectric anisotropy) 
from the ON (transparent) to the OFF (opaque) states. 
Tables IIA and I IB summarize the n p values and the 
properties of cells made with various polymers and liquid 
crystal E7 as in Example XXIII below. 

25 Table IIA 



30 



Polymer 


n n 


switch time 


Poly (vinyl formal) 


1. 


. 501 


<1. 


0 msec 


Poly (methyl methacrylate) 


1, 


.49 


~2. 


0 msec 


Poly(vinyl butyral) 


1. 


485 


>2. 


0 msec 


Polycarbonate 


1. 


585 


>10 


msec 


Poly (vinyl acetate) 


1. 


467 


"10 


-20 msec 
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Table IIB 



Polymer 


transparency 


Viewing 
anqle 


Poly ( v i ny 1 for mal ) 


>95% 


normal 


Poly (methyl methacrylate) 


~95% 


normal 


Poly (vinyl butyral ) 


~90% 


normal 


Polycarbonate 


"55% 


30° from 






normal 


Poly (vinyl acetate) 


~70% 


normal 



The effect of the dissolved liquid crystal is to 
increase or decrease the index of refraction n p of th 
polymer to yield an effective index of refraction n 



for the matrix closer to that of the liquid crystal n Q . 

The amount of dissolved liquid crystal in the polymer 
can be further controlled by the rate of cooling during 
the phase separation process. A rapid rate of cooling 
generally yields materials with small micr odroplets and 
a larger amount of dissolved liquid crystal, whereas 
slow cooling rates generally yield large microdropl ets 
with a lesser amount of dissolved liquid crystal in the 
matrix. Cyanobiphenyl liquid crystal solute such as E7 
in the polymers tabulated in Table IIA have the effect 
of increasing the index n p of the straight, unadulterated 
polymer to an index n s of the actual polymer matrix; 
the degree of increase in n p depends on the concentration 
of dissolved liquid crystal and the initial value of 



n p . 



As illustrated in Figure 13A, in the case of displays 
which will be viewed straight on in direction A, a polymer 
with an index n p in the range of 1.49-1.50 is desired, 
so that the final index of refraction n s of the matrix 
is as close to n 0 =1.51 as possible. For displays to 
be viewed from the side, as shown in Figure 13B, a polymer 
with an index of refraction n p greater than n 0 , but 
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usually less than n e , is preferable so that n s of the 

matrix matches an effective index n x of the liquid crystal. 

Such a display is most easily readable in direction B, 

as shown in Figure 13B. As seen in Table IIB, polycarbonate, 

with n p = 1.585 yields a display best viewed about 30° 

from, normal. Referring to Figure 13B, the effective 

index n x is approximated by the formula 

n x = n e v 0 



n 2 sin 2 ct + n 2 cos 2 a 
o * e 

where 

sin a = sin 8 . 

n s 

0 is the viewing angle; a is the angle from n e to 
the effective n x ; C is the direction of polarization of 
the incident light. 

An important feature of the present invention provides 
for materials with high resistivity and permittivity to 
yield long memory times. Cells incorporating the material 
hold a charge which, in turn, holds the optic axes of 
the microdroplets of the material in the aligned position 
until the charge is short circuited or decays. While 
the charge is held, the material exhibits an image memory 
not dependent on an external field. The principle of 
operation is that a film of the material placed between 
transparent conducting electrodes to form a cell acts 
as a capacitor of capacitance C and internal resistance 
R. Application of a voltage charges the capacitor and 
upon its removal the charge is maintained, holding the 
transparent state of the film for a period of time 
approximately equal to the product of R x C. The value 
of R x C does not, in general, depend on the size or 
configuration of the capacitor, but only on the electrical 
properties of the liquid crystal-polymeric matrix material: 
C = eA/d, where e is the permittivity of the material, 
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A the surface area of the film and d its thickness, and ' 
R - p d/A where p is the resistivity of the material; 
thus, discharge time, the product of e x p , is a material 
property and not a function of cell size or configuration. 
; Table III summarizes memory time ( £p ) for various materials 
made in accordance with the invention as in Example XXIII 



be 1 ow . 

Table III 



Memory 
Time 
±cp)_ 



10 Liquid 

Pol y mer . Crystal Ratio 

poly (methyl acrylate) E20 i :2 <1^7ec 

poly(cyclohexyl methacrylate ) E31 1:2 >i sec 

polyisoprene . E20 1:2 >lsec 

15 Pdy (isobutyl methacrylate) E20 1:2 >i sec 

polyvinyl butyral) E7 1:1.5-2.0 >1 sec 

poly (vinyl methyl ketone) E2 0 '1:2 >1 sec 

Other liquid crystalline-polymer materials exhibiting 

20 extended memory appear in the examples. 

The liquid crystal readily dissolves so that only 
gentle mixing is necessary to form a homogeneous solution. 
In order to remove air bubbles which may appear during 
mixing, the solution can either be centrifuged or placed 

25 in an evacuation chamber prior to solidifying the matrix. 
The size and spacing of the microdroplet s depend upon a 
number of factors such as the temperature of phase 
separation, rate of hardening, the types of polymer and 
liquid crystal material used, the relative proportions 

30 of those materials, and the manner and rate of solidifying 
as more fully appears below. 

An equilibrium phase diagram of the binary mixture 
of liquid crystal and thermoplastic matrix-producing 
composition resin is shown schematically in Figure 14. 

35 T X is the temperature above which the liquid crystal- 
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resin mixture forms a single phase , homogeneous solution 
at all compositions; T2 is the temperature at which the 
mixture is solidified. Region B is the miscibility gap 
where phase separation and microdroplet formation occur 
before solidification. Region A, outside the miscibility 
gap, is the homogeneous solution. Point Y illustrates 
that a 50/50 mixture will enter the miscibility gap, 

/ start to phase separate and form .in situ micr odroplets , 
at T^. Point X]_ illustrates that an approximately 67/33 
mixture will be a homogeneous solution at T3; point X2 
illustrates that the mixture will enter the miscibility 
gap or microdroplet formation stage at T 4 and point X3 
illustrates the mixture will set at 

For solvent evaporation phase separation, preferred 
15 thermoplastic resins are soluble in a solvent or mixture 
of solvents with which the liquid crystal is miscible. 
Figure 15 illustrates an equilibrium phase diagram of 
the ternary mixture of solvent, liquid crystal and resin. 
At proportions in region A, the mixture is homogeneous; 
at proportions in region B, the mixture has reached the 
miscibility gap and microdroplet formation occurs. 
Through solvent evaporation, a mixture starting at point 
Z x , will proceed along line z lf Z 2 to form a film having 
final composition Z3. 

Solvent evaporation is useful for coating objects 
with a liquid' crystal containing film. If, however, an 
electrically responsive device in the form of a sheet 
of liquid crystal- polymer material between transparent 
electrode plates is desired, it is difficult to form 
the sheet by evaporation of the solvent from between 
the plates. In this case, solvent evaporation can be 
used to form bulk thermoplastic material by phase 
separation. Such material is then placed between the 
plates, heated to flow between the plates and then cooled 
35 to solidify it. 
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The solvent evaporation technique is especially " ~ 
useful for resins having such a high transition tempera- 
ture that at temperatures at or above T x on Figure 14, 
the liquid crystal is degraded. By forming bulk thermo- 
5 plastic material by solvent evaporation the liquid crystal 
acts as a matrix plasticizer and lower the softening 
point of matrix to a temperature below the degradation 
temperature of the liquid crystal. For thermoplastics 
with high, destructive melting temperatures the homogeneous 
10 solution is preferably prepared by dissolving, by weight, 
1 part polymer to at least 1 part liquid crystal in 
about 5 parts suitable solvent. Once the material is 
initially prepared by solvent evaporation, all subsequent 
manipulation of the material, such as cell construction 
15 or reworking, is accomplished by heat softening and 

cooling either to redissolve and reform or simply change 
the size. of the microdroplets of liquid crystal. The 
plasticizing effect appears due to a portion of the 
liquid crystal remaining in solution in the matrix. 
20 Thus, in such instance, the plasticizing effect yields 

a material which can be softened and hardened repeatedly 
without degradation of the liquid crystal. 

One suitable thermoplastic resin is a modified 
epoxy resin prepared to have a softening temperature in 
25 a desired temperature range. A normally thermosetting 

epoxy resin is converted to a thermoplastic resin having 
a selected softening temperature by substitution of a 
non-crosslinking binder (curing agent) , such as a mono- 
alkylamine, in the place of a cross-linking curing agent. 
The temperature at which softening occurs may be adjusted 
by the choice of the curing agent. Use of short chained 
monoalkylamines result in epoxy resin products with 
relatively higher softening points than those cured 
with long chain alkylamines, e.g.., the use of propylamine 
35 will result in an epoxy resin product with a higher 
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softening point than one bound with hexylamine. Alkyl 
branching affects the softening point by lowering it, 
e.g.., epoxy resins formed from n-butylamine have a higher 
softening point than those formed from branched t-butylamine , 

5 The ratio of uncured epoxy resin to monoalkylamine 

determines the chain length of the resultant cured resin. 
The main chain lengths are longest at a 1:1 ratio by 
equivalents of epoxy resin to the alkylamine. As the 
ratio diverges from 1:1 toward either more resin or 

£G more alkylamine, the main chain length shortens. 

The ultimate properties of the matrix may be tailored 
to specific needs by the choice of the type of alkylamine 
as well as the proportions of alkylamine to epoxy resin. 
A relatively hard, stiff resin is obtained with longer 

15 main chain lengths and shorter alkylamine chain lengths. 
For instance a 1:1 product made with propylamine yields 
a stiff er cured resin than a 1:1 product made with 
hexylamine. 

The softening temperature range determines the 
20 temperatures at which the write/erase phenomena can 

occur. In the sense used here, "write" means heating a 
liquid crystal-polymeric matrix material, applying a 
patterned field to align the optic axes of the micro- 
droplets, and cooling in the presence of the field to 
25 write an image in the form of the pattern; "erase" means 
heating a material having an image written on it and 
cooling without a field to cause the optic axes to return 
to the random state. Higher write/erase temperatures 
are achieved with longer main chain lengths and shorter 
alkyl chain lengths. Decay time (storage time) of an 
image is increased under the same conditions which yield 
higher write/erase temperatures, i..e. , long main chain 
and short alkyl chain. 

Other agents than alkylamines may be used as long 
as they do not result in significant cross-linking so 
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as to prevent softening . Such other suitable agents 
are those having only two active hydrogens, such as 
diols and diacids. 

The effect of varying the main chain length of a 
5 cured resin material on its softening temperature range 
was assessed by making resins with various EPON 828 
(Lot #8GHJ-52 - Miller Stephenson Co., Inc. , Danbury, 
CT 06810) to hexylamine (HA) ratios as seen in Table I. 

TABLE I 

MIXTURE WT EPON (g) WT HA(q) EQ EPON/EQ HA 

1 1.850 0.715 1:1.374 

2 2.492 0.770 1:1.100 

3 2.489 0.734 1:1.050 

15 Macroscopic observation of the three resultant 

resins cured at 65°C for three days and cooled to room 
temperature revealed that all were fairly equally hard 
solids. Macroscopic observation of the three resins 
heated in an oven to 82°C for 10 minutes is recorded in 

20 Table II. 

TABLE II 

MIXTURE RELATIVE HARDNESS DESCRIPTION 

1 softest viscous liquid 

2 medium viscous liquid 
25 3 hardest rubbery solid 



The effect of varying the main chain length of the 
cured resin material containing liquid crystal on display 
characteristics was assessed by comparing mixtures con- 
taining about 33% liquid crystal E7 as in Example XIII, 
below, and about 67% EPON 828 with hexylamine (HA) in 
various EPON/HA ratios; the ratios of EPON to HA and 
percentage of liquid crystal are shown with the cured 
resin alone in the same ratios in Table III. 
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MI XTURE 



1 
2 
3 
4 

5 
6 
7 



TABLE III 
EQ EPON/EQ HA 



1:0. 753 
1:0 . 899 
1: 1. 008 
1: 1.107 
1: 1.284 
1: 1.502 
1:0 . 509 



% (by wt) E7 



33 
34 
33 
33 
33 
33 . 



6 
6 
2 
4 
7 
2 



33.2 



These mixtures were cured at 50°C for three days. 
Macroscopic observation of the E PON /HA mixtures at room 
temperature (R. T.) and at 50°C yielded the results shown 
in Table IVA. Table IVB describes the light scattering 
properties at 3°C, room temperature and 50°C, and the 
physical state at 3°C and room temperature of EPON/HA/E7 
mixtures of Table III. 



TABLE IVA 



20 



Mixture 



R. T. 



50°C 



25 



1 
2 
3 

4 
5 

6 
7 



hard solid 
hard solid 
hard solid 

hard solid 
slightly sticky, 
r ubbery 

flexible, rubbery 
sticky, rubbery 



easily deformed 
difficult to deform 
very difficult to 
deform 

difficult to deform 
soft, drawable 

soft, drawable 
easily drawable 



< 



J 
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Light 


Scatteri 


ng 




Physical State 




3°C 


R.T. 


50°C 


3°C 


R. T. 


1 


op 


op 


cl 


hard 


rubbe ry 


2 


op 


op 


cl 


hard 


hard, rubbery 


3 


op 


op 


cl 


hard 


soft 


4 


op 


op 


cl 


hard 


hard, rubbery 


5 


op 


op 


cl 


hard , 


rubbery soft, rubbery 


6 


op 


op 


cl 


soft 


viscous liqiud 


7 


pop 


cl 


cl 


soft 


viscous liquid 



op = opaque 
cl = clear 

pop = partially opaque 

15 . The effect of various amines on the light scattering 

properties, image storage times and write/erase tempera- 
tures of various liquid crystals in EPON 828 was assessed 
by preparing 33% liquid crystal (by weight) with 67% 
EPON/Amine in a 1:1 equivalent ratio. The various mix- 

20 tures were cured in bulk at 65°C for 4 hours and allowed 
to cool to room temperature* Tables VA and VB summarize 
light scattering properties at room temperature. Resins 
made with straight chain propylamine through hexylamine 
(1, 2 and 4) were hard and difficult to deform at room 

25 temperature, whereas the heptylamine (5) resin was more 
easily deformed and the octylamine (6) resin was tacky. 
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TABLE VA 

Amine Liquid Crystal 

. E-7 E-31 E-44 K-12 K-18 

1. propylamine S/PS C S/PS C X 

5 2. n-butylamine S/PS x S/PS C S 

3, i so- butyl amine S/PS c S/PS C S/PS 

4 . hexylamine S/PS C S C X 

5. heptylamine s x S c C 

6. octylamine c c C C C 

10 C = clear S = scattering 

X = semi-clear s/PS = scattering with phase 

separation 

The liquid crystals in Table VA were as follows: 

E-7, as in Example 1, below/ having a crystal to 
15 nematic liquid crystal phase transition temperature of 

-10°C and a liquid crystal to isotropic phase transition 
temperature of 60.5°C. 

E-31, a proprietary mixture of cyanobi phenyls and 
a non-cyano biphenyl ester available from EM Chemicals 
and having a crystal to nematic crystal phase transition 
temperature of -9°c and a liquid crystal to isotropic 
phase transition temperature of 61.5°C. 

E-44, a proprietary mixture of cyanobiphenyls , a 
cyanoterphenyl and a non-cyano biphenyl ester available 
25 from EM Chemicals and having a crystal to nematic liquid 
crystal phase transition temperature of -60°C and a 
liquid crystal to isotropic phase transition temperature 
of 100°C. 

K-12, 4-cyano-4 ' -butylbiphenyl , having a crystal 
to nematic liquid crystal phase transition temperature 
of 48°C, 

K-18, 4-cyano-4 1 -hexylbipheny 1 , having a crystal 
to nematic liquid crystal phase transition temperature 
of 14.5°C and a liquid crystal to isotropic phase transi- 
35 tion temperature of 29°C. 
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TABLE VB 





Amine 


K-21 


Liqu id 
K-24 


Crystal 
M-15 


M-18 


M-24 


1. 


propylamine 


S/PS 


S/PS 


C 


S 


S 


2. 


n-butylamine 


S 


S/PS 


c 


S 


S 


3 . 


iso- butyl amine 


S/PS 


S/PS 


c 


C 


S 


4. 


hexylamine 


S 


S 


c 


S 


S 


5. 


heptylamine 


X/PS 


S 


s 


S 


S 


6. 


octylamine 


C 


C 


c 


C 


S 



C = clear s = scattering 

X = semi-clear s/PS = scattering with phase 

separation 

The liquid crystals in Table VB were as follows: 

K-21, 4-cyano-4 ' -heptylbiphenyl , having a crystal 
to nematic liquid crystal phase transition temperature 
of 30°C and a liquid crystal to isotropic phase transi- 
tion temperature of 42.8°C. 

K-24, 4-cyano-4 ' -octylbiphenyl , having a crystal 
to smectic A liquid crystal phase transition tempera- 
ture of 21.5°C, a smectic C to nematic liquid crystal 
phase transition temperature of 33.5°C and a nematic 
liquid crystal to isotropic phase transition temperature 
of 40.5°C. 

M-15, 4-cyano-4 '-pen to xybi phenyl, having a crystal 
to nematic liquid crystal phase transition temperature 
of 48°C and a liquid crystal to isotropic phase transi- 
tion temperature of 68°C. 

M-18, 4-cyano-4 ' -hexoxybiphenyl , having a crystal 
to nematic liquid crystal, phase transition temperature 
of 57°C and a liquid crystal to isotropic phase transi- 
tion temperature of 75.5°C. 

M-24, 4-cyano-4 ' -octoxybiphenyl , having a crystal 
to smectic A liquid crystal phase transition tempera- 
ture of 54.5°C, a smectic A to nematic liquid crystal 
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phase transition temperature of 67.0°C and a nematic to 
isotropic phase transition temperature of 80.0°C. 

Aliquots for qualitative assessment of image storage 
times and write/erase temperatures were prepared with 
5 mixtures 1-2 and 4-6 between patterned electrode slides 

as in Example XVII, below. Storage time (decay of image) 
and write/erase temperatures decreased with increasing 
alkylamine length, and also with decreasing hardness of 
the resin. 

!0 The preparation of the light scattering materials 

of the invention involves the general sequence shown in 
Figure 16. Referring to Figure 16, it has been discovered 
that choice of starting materials and manipulation of 
the mixture after it enters phase separation but before 

15 solidification of the matrix permits the control of the 
microdroplet growth rate. 

The nature of starting materials, _i.e. liquid crystal 
and resin (polymer), affects the solubility of the liquid 
crystal in the polymer and determines both the composition 

20 of the homogeneous solution and the point at which the 

phase separation occurs and the rate at which it proceeds. 
The relative concentration of the starting materials 
also affects phase separation rate. Changes in the 
cure temperature change the solubilities, the rate of 

25 polymerization and the rate of diffusion of the liquid 
crystal out of the polymer into the micr odrople ts . The 
rate of cooling of a liquid crystal thermoplastic solution 
affects the rate of microdroplet growth. 

Thermoplastics, such as thermoplastic modified 

30 epoxies resins, reversibly melt at different temperatures 
and cool into the solid state at different, controllable 
rates. When, by cooling a homogeneous solution of liquid 
crystal and thermoplastic, a temperature is reached 
wherein the liquid crystal and the polymer are immiscible, 

35 phase separation occurs. This temperature relates to 
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the average molecular weight of the polymer and the 
concentration of liquid crystal. As best seen in 
Figure 17, slowly decreasing the temperature gives time 
for molecules to diffuse to their respective precipitation 
sites and results in larger microdroplets . The data in 
Figure 17 are taken from Examples XXXI and XXXII, below. 
With fast cooling time, the matrix solidifies long before 
thermodynamic equilibrium is reached so that the micro- 
droplets do not have time to grow and a larger number 
of liquid crystal molecules remain trapped in the solid 
matrix. The cooling rate for thermoplastics plays a 
role similar to the temperature of cure or polymerization 
of thermosetting polymers. 

Different thermosetting polymers, such as epoxy 
15 resins, which cure at different rates, may yield micro- 
droplets differing by more than 2 orders of magnitude. 
Table V summarizes this effect in two epoxies. 

TABLE V 

Epoxy Cure Time Liquid Average 

20 Resin at 40°C Crystal Diameter 

EP.ON82 8 24 hours 35% E7 "1.2 

Bostik 1 hour 35% E7 ~0.6 

As seen in Table V, at the same concentration and 
temperature, EPON 828 yields microdroplets twice the 
size of Bostik. As more fully appears below in the 
examples, the relative concentration of liquid crystal 
does not contribute to size in these systems until a 
maximum of about 40% to 50% is reached, when channel 
formation begins . 

The best modes of the invention are further illustra- 
ted and described by the following specific examples. 
Phase separation was. practiced in each preparation of 
the light modulating material. 
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EXAMPLE I 

A high contrast temperature responsive material 
was prepared using a two-component epoxy material sold 
under the trade designation Bostik 7575 by Emhart Chemi- 

5 cal Group, Bostik Division and liquid crystal. Part A 

of the epoxy resin was an equimolar mixture of bisphenol 
A and epi chlorohydr in . Part B was a fatty, polyamine 
curing agent. The liquid crystal (available as E-8 
from EM Industries) was a mixture consisting of (by 

10 weight): 4 ' n-pentyl-4 ' -cyanobiphenyl (5CB), 43 wt% ; 

4 '-n-propo xy-4-cyanobi phenyl (30CB) , 17 wt%; 4 ' -n-pen toxy- 
4-cyanobiphenyl (50CB) 13 wt% ; 4 ' -n-oct yloxy-4-cyanobiphenyl 
(80CB) 17 wt% and 4 ' -n-pentyl-4-cyanoterphenyl (5CT) 10 
wt%. 

15 Part A and part B of the epoxy resin and the liquid 

crystal were mixed in equal proportions by volume accord- 
ing to the prescription 33-1/3% part A, 33-1/3% part B 
and 33-1/3% liquid crystals. All three components were 
mixed together by gentle stirring for three minutes to 

20 form a homgeneous solution. The solution was then cen- 
trifuged for 1 minute to remove bubbles incorporated in 
the stirring process. Samples were prepared by spreading 
the uncured material with a uniform thickness on glass 
plates. After curing for 48 hours, the samples that 

25 were about 200 microns thick had a pure white opaque 

texture (opaque state). Samples having a film thickness 
between 10 and 200 microns were also white in appearance, 
but were less opaque. The films were peeled from the 
glass surfaces to yield a solid flexible material. When 

30 these films were heated to the nemati c- isotropic phase 
transition temperature near 80°C, they abruptly become 
clear or transparent (clear state). The films remained 
clear at temperatures above 80°C and returned to a pure 
opaque condition when cooled below 80°C. The contrast 

35 between the opaque and clear states depended on the 



WO 87/01822 



PCT/US86/01927 



• -. . . ■•••••-■•<- 55 

film thickness. Thickness of 200 + 100 microns showed 
high visual contrast between the opaque and clear states 
The nematic isotropic transition temperature exhibited 
by the clear and opaque states of the film was very 
near the nemati c- isotropic transition temperature of 
the liquid crystal prior to disperison in the epoxy 
resin . 
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EXAMPLE II 

An electrically responsive device using the same 
material described in Example I was constructed. In 
this example, the uncured mixture of Example I after 
centrifuging was sandwiched between two glass slides 
having indium oxide conductive coatings on their sur- 
faces adjacent to the mixture. An insulating spacer 
(Teflon tape) was used between the glass slides to con- 
trol the film thickness to approximately 75 microns. 
The film- had a pure white opaque texture after 24 hours 
of curing (opaque state), when an a.c. voltage of 100 
volts was applied to the conducting surfaces of the 
glass plates, the material turned clear (clear state). 
A film thickness of less than 10 microns showed less 
visual contrast between the clear and opaque states, 
and also required a smaller switching voltage. A dark 
or reflective background on the display was found to 
improve the on-off visual contrast. 

A sample of area 2.0 cm2 with an applied voltage 
of 100 volts was observed to draw 5xlO-8 A in the clear 
state giving a driving power of 5xl0~ 6 watts. 

EXAMPLE III 

An electrically responsive guest-host device that 
was an opaque blue in the opaque state and clear in the 
clear state was constructed by the addition of a blue 
dye to the liquid crystal mixture. The blue dye was 1- 
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(p-n-butylphenylamino) -4-hydroxyanthraquinone. It was 
added to the liquid crystal mixture of Example 1, accord- 
ing to the proportion 1.5% by weight blue dye to 98.5% 
by weight liquid crystal. This mixture was then mixed 
with part A and part B of the epoxy resin of Example 1 
in the proportion (by volume) 33-1/3% part A, 33-1/3% 
part B and 33-1/3% blue dye and liquid crystal. As in 
Example II, the material was allowed to cure between 
two glass slides with conductive surface coatings. In 
this example, a larger visual contrast between the clear 
and opaque states was obtained with smaller film thick- 
ness and hence lower voltages were applied to the con- 
ducting surfaces. A display having a thickness of about 
10 microns was found to be driven into the clear state 
15 with an applied voltage of 25 volts. 

EXAMPLE IV 

A temperature responsive film was made using the 
liquid crystal mixture of Example I and a two-component 
fast curing epoxy resin (trade designation EPO-TEK 302) 
consisting of bisphenol A resin, part A, and an aliphatic 
curing agent (part B) . The epoxy resin and liquid crystal 
were mixed in the proportion (by volume): 25% part A, 
25% part B, and 50% liquid crystal. The film preparation 
procedure used was identical to that of Example I. After 
a curing time of two days the film had an opaque white 
texture at temperatures below the liquid crystal isotropic- 
nematic transition temperature (80°C), but was clear 
above that temperature. 
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EXAMPLE V 

A mechanical stress and temperature responsive 
material with light polarizing properties was prepared 
by the dispersion of the liquid crystal 4'-octyl-4- 
cyanobiphenyl (available as K-24 from EM Industries) by 
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mixing it with a two-component epoxy resin in the pro- 
portion (by volume): 33-1/3% part A, 33-1/3% part B, 
and 33-1/3% liquid crystal- The epoxy resin consisted 
of an equimolar mixture of bisphenol A and epichlorohy- 
drin (part A), and a fatty polyamide curing agent, part 
B, purchased from Bostik Division, Milano, Italy, Two 
samples were prepared, one using K-24 as the liquid 
crystal and another using a mixture (by volume) of 75% 
K-24 and 25% anisylidene-p-butylani line . The stirring 
procedure of the mixture was identical to that of Example 
I. A film of thickness about 50 microns was prepared 
by letting the mixture cure between a microscope glass 
slide and a plastic cover slip. Once the mixture was 
cured, the plastic cover slip was easily removed so the 
film could be easily peeled off the glass substrate. A 
uniformly flat, shiny and flexible material was obtained 
that was opaque at room temperature. 

Upon stretching this film unidirect ionally , it 
became more transparent. The light passing through the 
stretched film was observed to be linearly polarized in 
a direction perpendicular to the stretching direction. 
Upon heating the material to a temperature whereby the 
liquid crystal was in the isotropic phase, the material 
became clear and no polarization was observed either in 
the free or in the stretched condition. Instead of a 
stretch, a shear or simply unidirectional pressure served 
to produce the same polarizing effect. 

EXAMPLE VI 

An electro-responsive cell with light polarizing 
properties was prepared by mixing the following substances 
in the following order: Epoxy part B, 32.5% (by weight) ; 
nematic liquid crystal, 33.5%; spacer material, 0.7%; 
Epoxy part A, 33.3%. The epoxy was the same as that 
described in Example V. The nematic liquid crystal 
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(available as E-7 from EM Industries) was a mixture of 
(by weight) 4 ' -n-pentyl-4-cyano-bi phenyl (5GB) , 51%; 
4 1 -n-heptyl-4-cyano-biphenyl (7CB) , 21%; 4 ' -n-octoxy-4- 
cyano-biphenyl , 16%; and 4 ' -n-pen tyl-4-cyano- terphenyl , 
12%. The spacer material was a powder with a particle 
size of 26 urn (supplied as Alufrit PS-26 by the Atomergic 
Chemicals Corporation) . While the mixture of liquid 
crystal and epoxy was still in its uncured, fluid state 
it was placed between two glass slides with transparent 
conductive coatings to which a voltage could be applied. 
The material was then cured for five days at -24 °C. 
Upon subsequent warming to room temperature, the disparate 
coefficients of expansion of the glass slides and the 
epoxy resin matrix caused the matrix and the micr odroplets 
of the liquid crystals dispersed in the matrix to be 
strained so that light passing through the material was 
linearly polarized as evidenced by the extinction of 
light viewed through a crossed polarizing lens. A volt- 
age of 30 volts a.c. was then applied to the conductive 
coatings and the responsive material was switched to a 
state in which transmitted light was only faintly polar- 
i zed . 



EXAMPLE VII 

An electro-responsive cell was constructed from a 
flexible epoxy resin-liquid crystal sheet stretched and 
sandwiched between two transparent conducting surfaces. • 
The flexible epoxy resin-liquid crystal sheet was pre- 
pared by first mixing liquid crystal with epoxy Part B, 
then. adding Part A in 1:1:1 proportions. The liquid 
crystal was the same as in Example IV. Part A was an 
equimolar mixture of bisphenol A and epichlorhydr in; 
Part B was a chemical curing agent (both available from 
Bostic Division, Milan, Italy). The epoxy resin-liquid 
crystal mixture was allowed to cure between two plexiglass 
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sheets spaced about 50um apart. After curing for one • • 
day, the resultant opaque white flexible sheet was 
removed from the plexiglass- The sheet was stretched 
by about 5 to 10% in one direction and sandwiched between 

5 two glass slides. Each slide was coated on one side 
with a transparent conductive coating. The sandwich 
was constructed so that the conductive coatings faced 
the stretched sheet. A linearly polarizing film was 
oriented with the sandwiched, stretched sheet to achieve 

10 maximum extinction of transmitted light and then attached 
to the sandwich. 

Another cell was constructed as described, except 
that the opaque white flexible sheet was not stretched 
before being sandwiched between the conductive glass 

15 slides. 

When a voltage of 200 volts was applied to the 
cell with stretched material, the response time between 
opaque and clear states was in the order of one milli- 
second. The cell with unstretched material responded 
20 in 25-40 milliseconds. 

EXAMPLE VIII 

A dispersion of liquid crystals in a flexible solid 
epoxy matrix was made by curing an epoxy-liquid crystal 

25 formulation by ultraviolet light. The epoxy formulation 
was a mixture of 3.8 grams of resin (Shell brand EPON 
resin 828), 0.4 grams of uv activated epoxy curative 
(3M brand FC-508) and 0.9 grams of tri methylene glycol. 
The liquid crystal was the same as that described in 

30 Example VI. A solution was made by first mixing 0.3 
grams of the epoxy formulation with 0.1 grams of the 
liquid crystal. The solution was then cured for thirty 
minutes under an ultraviolet lamp. The cured material 
appeared an opaque white, but when heated turned clear 

35 at the nematic liquid crystal isotropic transition 
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temperatures, thereby acting as a thermally responsive 
light switch. The flexible solid, opaque dispersion 
material also became partially clear upon stretching. 
The transmissive light through the stretched material 
was observed to be linearly polarized and would extinguish 
light when a crossed polarizer was placed either in 
front or behind the stretched material. The material 
only needed to be stretched 5-10% of its original length 
to show polarization effects. A slight compression or 
other mechanical distortion also showed polarization 
effects. When viewed through a cross polarizer the 
material acted as a mechanically responsive light switch. 

EXAMPLE IX 

15 A scattering polarizer was made using the same 

liquid crystal described in Example VII and Bostik, 
parts A and B (Bostik S.p.A., Milan, Italy). * The ratio • 
of Bostik parts B and A was 1:0.94, respectively; a 
mixture of parts A and B and liquid crystal was made 
20 using 33 wt% of E-7. 0.1 wt . % spacer material was added 
to the mixture. The spacer material was a powder with 
a particle size of 26 urn (supplied as Alufrit PS-26 by 
the Atomergic Chemicals Corporation). The mixture was 
stirred and centrifuged several times to achieve a homo- 
25 geneous and gas-free solution which was then sandwiched 
between two conducting glass plates ten minutes after 
mixing the various components. The resulting 26 urn 
film was placed in a 47 kGauss magnetic field in a direc- 
tion containing the plane -of the film (henceforth called 
the direction of cure) and left there for 41 hours at 
15°C. After removal from the field and cooling to room 
temperature, the resulting solid film was observed to 
be opaque when viewed with a linear absorption polarizing 
filter whose polarization was parallel to the direction 
35 of cure. If the polarization of the filter was turned 
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perpendicular to the direction of cure, the film appeared 
transparent . 

The polarizing properties of the film were further 
measured using polarizing light from a high intensity 
light source at normal incidence. The ratio of the 
intensity of the transmitted light when the beam was 
polarized perpendicular to the direction of cure to the 
intensity of the transmitted light when the beam was 
polarized in a direction parallel to the direction of 
cure was measured to be 30. Upon application of an 
electric field in a direction normal to the film the 
material switched to a non-polarizing (transmitting) 
state. The response time was less than 0.3 milliseconds; 
the time required for the film. to relax back to the 
polarizing state was less than 3.0 milliseconds. The 
intensity of the light transmitted by the film was reduced 
upon switching from the non-polar i zing to the polarizing 
state. This reduction was 2 orders of magnitude in the 
case of incident light polarized in the direction of 
20 curing, but was only about 3 fold for incident light 

polarized in a direction perpendicular to the direction 
of curing . 

EXAMPLE X 

25 A polarizer similar to that of Example I was made 

except that a mixture of 67% E-20 (43.96% 4'-n-pentyl- 
4 • -cyanobiphenyl; 40.78% 4 ' -n-heptyl-4 ' -cyanobiphenyl ; 
9.22% 4 ' -n-octyloxy-4 -cyanobiphenyl; 6.05% 4'-n-pentyl- 
4-cyanoterphenyl; BDH Chemicals, Ltd.) and 33% 10CB 

30 (4 '-methoxy-4-cyanobiphenyl) , deuterated on the methoxy 
position, was used instead of E-7. This film showed 
the same polarizing properties as in Example I. a bulk 
sample with the same composition was cured in an NMR 
(Nuclear Magnetic Resonance) glass tube under the same 

35 conditions as Example I. Deuterium nuclear magnetic 
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resonance spectra of this sample were taken at tempera- 
tures between 10°C and 45°C and with the directions of 
cure oriented both along the static magnetic field and 
perpendicular to it. Deuterium spectral patterns showed 
that the liquid crystal molecules preferred an average 
orientation such that the long molecular axis was along 
the direction of the magnetic field during the curing 
process . 

EXAMPLE XI 

Two films were made with the same compositions as 
in Example IX and were cured in an electric field at 
9°C for 43 hours. During the curing process an a.c. 
voltage of 100 v, oscillating at a frequency of 1 KHz 
was applied to transparent conductors on the surfaces 
of one of the films. The other film was cured without 
the presence of an applied electric field. Following 
the curing process, the films were examined for their 
optical properties. At room temperature the film cured 
in the electric field was more transparent than the 
film cured without the elecric field. This demonstrated 
that the application of an a.c. electric field during 
the curing process locked in the orientation of the 
optic axes of the microdroplets in the cured medium. 



A scattering polarizer was made by using E-7 as 
the liquid crystal and Conuthane TuSOA, parts A and B 
(Conap Inc., Buffalo, New York), as the polyurethane . 
Part A is a prepolymer formed from the reaction of an 
excess of toluene diisocyanate and polyether glycols, 
and part B is a mixture of 4-4 1 -methylenebis isoor tho- 
chloroani line and various polyols. Parts A and B were 
mixed in the ratio of 1:0.94 respectively. A mixture 
of 35% E-7 and 65% parts A and B was made. To this was 
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added 26 urn Alufrit spacers as in Example IX. The sample- 
was centrifuged to remove gas bubbles. A 26 um film 
was made by sandwiching the mixture between conductive 
glass plates. The resulting sandwich was cured overnight 
at 65°C. Upon curing, microdroplets formed resulting 
in a device which was opaque and scattering at room 
temperature. A slight strain on the film resulted in 
the polarization of light passing through the film. 
When viewed with a linear absorption polarizing filter 
the device appeared opaque when the direction of polari- 
zation of the filter and the direction of the applied 
strain were aligned; the device appeared transparent 
when the directions were orthogonal. The device may be 
switched electrically. Approximately 26 volts must be 
15 applied across, a film 26 um thick in order to completely 
switch from the scattering to clear state. In both the 
stressed and relaxed states, the application of an 
electric field caused the device to respond in about 4 
milliseconds. The relaxation time of the device is 
20 highly dependent on the stress. A strained device relaxed 
in about 5 milliseconds, whereas an unstrained device 
required 18 milliseconds to relax. 

EXAMPLE XIII 

A switchable light scattering film was prepared by 
25 solvent evaporation from a solution of a bulk preparation 
containing liquid crystal and EPON 828 cured with 
hexylamine. 4 grams EPON 828 were mixed with 1.124 
grams hexylamine (HA) (1:1 equivalent ratio). 1.179 
grams of the EPON /HA mixture were added to 0.595 grams 
30 of liquid crystal E7 ; the mixture was cured at 65°C 

over night and allowed to cool to room temperature. A 
0.0188 gram slug of the cured mixture was mixed with 
1.925 gram acetone. The resultant solution was cloudy 
due to the immisci bi lity of E7 with acetone. Thereafter 
35 0.206 grams methanol was added and the solution became 
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clear. The solution was stirred for 5 minutes after - ' 
which time the solution was clear with no apparent undis- 
solved material. The solution was poured on a conductive 
glass substrate and allowed to dry for 3 minutes. The 
5 resultant dry film was light scattering and opaque. 

A switchable cell was constructed with the film by 
placing 26 urn spacers on top of the film, and then clamping 
a second conductive surface on top of the spacers to 
form a. sandwich. The resultant sandwich was heated at 
10 85°C for 5 minutes until the second conductive surface 

could be clamped to contact the spacers, and then cooled 
to room temperature. The 26 urn thick film scattered 
light and was opaque; application of 30 volts caused 
the film to switch to a clear state. 
15 EXAMPLE XIV 

Light scattering cells were prepared by heating 
clear polymer polyacetyl' beads (Aldridge Chemicals) in 
a 10 ml vial to 200°C and then adding liquid crystal E- 
7 as in Example XIII in a 2:1 ratio by weight of polymer 
20 to liquid crystal. The mixture was stirred and allowed 
to cool to room temperature. The cooled material was 
opaque white. Two cells were prepared by cutting 20mg 
slugs from the bulk material and placing each slug between 
conducting plates with lOum spacers. The plates were 
25 clamped together and placed on a hot plate at 200°C 

until the material was clear. One cell was then rapidly 
cooled to 3°C. The other cell was slowly cooled overnight 
on the turned off hot plate. The cell rapidly cooled 
was less opaque and showed a bluish tint as compared to 
30 the cell slowly cooled. The bluish tint indicated a 
very small microdroplet size. This cell was switched 
to the clear state with, a 100 volt current. The cell 
slowly cooled was switched to the clear state by a 50 
volt current. 
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EXAMPLE XV 

0.292 grams of polystyrene were shaved off a block 
of clear polystyrene and placed in a 10 ml vial with 
0.143 grams E7 as in Example XIII. The vial was placed 
in an oven at 170°C for 15 minutes. The polystyrene 
did not melt, whereas the liquid crystal, in its isotropic 
state, appeared to be absorbed into the the polystyrene. 
The vial was cooled to room temperature, the material 
was removed and cut in half with a razor blade. A surface 
layer approximately 7 mm thick was observed to be opaque 
and scattering. The layer was shaved off onto a patterned 
electrode glass slide with 18 mm spacers, covered with 
a second glass slide and clamped to make a sandwich as 
in Example XIII. The sandwich was returned to 170°c, 
heated until the shaved off layer flowed to form a film 
and the glass slides could be clamped to contact the 
spacers and then allowed to cool to room temperature. 
At room temperature, a light scattering opaque film was 
observed which was switched to a clear state with 70 
20 volts. 

EXAMPLE XVI 

A resin was prepared by mixing 1.850 g of EPON 828 
with 0.715 g of hexylamine (1 equivalent EPON to 1.374 
equivalents hexylamine). The mixture was cured in bulk 
25 in a 10 ml vial at 65°C for 3 days. At room temperature, 
the cured material was a hard solid; it was difficult 
to deform when heated to 50°C. The. cured material was 
heated to 130°C for 10 minutes and became a flowable 
viscous liquid. Liquid crystal E7 as in Example XIII 
was heated to 130°C, above its isotropic transition 
temperature, and mixed with the viscous liquid cured 
material. One aliquot of the hot mixture was sandwiched 
between glass slides and allowed to cool to room 
temperature; another aliquot was sandwiched between 
glass slides and put immediately into a freezer at 0°C. 
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The slide cooled to room temperature appeared opaque 
and light scattering. The slide cooled to 0°C was clear 
and transmissive . Both slides were then examined with 
a microscope at 320x. The film allowed to cool to room 
5 temperature contained micron sized micr odrople ts (about 
0.7 to 1.5 microns) of liquid crystal; the film cooled 
to 0°C showed no microdroplets . 

EXAMPLE XVII 

A mixture of uncured resin and binder was prepared 
10 by thoroughly mixing one equivalent of EPON 828 with 
one equivalent of hexylaminc. The liquid crystal E7 
was added to the uncured resin-binder mixture to form a 
33% by weight solution. The mixture was sealed in a 10 
ml vial and cured in bulk overnight at 65°C. The resulting 
15 material was inelastic and milky white (scattering) in 
appearance at room temperature. 

The material was softened to a flowable state by 
warming it in the vial and maintaining it at about 100°C 
for five minutes. An aliquot of the material was poured 
20 to form a film between glass slides, spaced apart at 

26um by 26um glass spacers. The glass slides were equipped 
with conducting electrodes laid out in a pattern to 
form the character ZERO. A electric field of 3 volts 
per micron thickness of film (about 80 volts) was estab- 
25 lished across the. film. The film was then allowed to 

cool to room temperature and to reharden while the field 
was maintained. The field was removed and the resultant 
film displayed a clear transparent image of the ZERO 
pattern surrounded by an opaque, light scattering field. 
30 The ZERO remained clear for 2 days, showing no tendency 
to decay for 2 hours. Total decay and a return to the 
opaque state occurred after 7 days. 

EXAMPLE XVIII 
Bulk material was prepared and cured as in 
35 Example XVII. A 1 cubic centimeter slug of cured material 
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was cut from the bulk with a razor blade, and placed oh 
a patterned electrode bearing glass slide as in Example I 
with 26 urn glass spacers. A second electrode bearing 
glass slide was placed over the slug and clamped in 
place to form a sandwich. The sandwich was heated with 
a hot air blower until the slug flowed to form a film 
and the glass slides could be clamped down to contact 
the spacers. An electric field of about 70 volts was 
establised across the film and the film was allowed to 
cool to room temperature to reharden. The resultant 
film behaved as the film described in Example XVII. 

EXAMPLE XIX 

The film of Example XVII having the image of the 
zero pattern was erased by warming for 2 minutes in a 
15 oven at about 100°C. When the film was cooled to room 

temperature in the absence of an applied field it appeared 
opaque. The cycle of imprinting a memory by the method 
of Example XVII and subsequently erasing the image by 
heating to 100 °C and cooling without a field was repeated 
successfully 10 times over a period of 7 days with no 
apparent deleterious effects. 

EXAMPLE XX 

The film of Example XVII having the image of the 
zero pattern was heated in a oven to about 100°c to 
erase the image, and, imprinted with another zero pattern 
by a field of about 70 volts maintained across the film 
until it cooled to room temperature. The film exhibited 
a transparent image of zero surrounded by an opaque, 
light scattering field. The patterned electrodes were 
removed and the film placed in a freezer at 0°C. The 
zero pattern remained clear in the opaque field and 
showed no tendency to decay for 30 days. 
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EXAMPLE XXI 

A light scattering film was prepared by mixing 20% 
by weight of ferro-electric liquid crystal w-7 (D isplaytech , 
Boulder, Colorado). 





^2 E 5 



ClO H 2 i O-^ \ / CH 3 



10 with 80% by weight of an equivalent EPON 82 8/hexyl amine 
resin. The mixture was cured in bulk at 65°C for 4 
hours. A film between glass slides was prepared by 
warming the cured mixture to a viscous fluid, allowing 
it to flow between glass slides spaced apart at 26um 

15 with 26um spacers, cooling to room temperature. The 
resultant film was opaque and light scattering. 

EXAMPLE XXII 
A light scattering film was prepared by mixing 
2.893gm EPON (1.61 x 10" 2 equivalents) with 0.812gm 

20 hexylamine (1.61 x 10" 2 equivalents) and then taking a 

0.327gm aliquot and further mixing it with 0.170gm liquid 
crystal M-24. This mixture was cured in bulk at 65°C 
overnight and a 26um cell was prepared as in Example XVIII. 
The resultant cell was opaque and scattering. It was 

25 switched to the clear state by the application of lOOOv 
and remained in the clear state after the voltage was 
removed. The cell was then heated with a hot air gun 
and allowed to cool to room temperature so as to return 
to the opaque state. The same cell was reheated to the 

30 clear state and recooled in the presence of 400v. At 
room temperature the cell was clear and remained clear 
without the applied voltage for several hours. 

EXAMPLE XXIII 
Poly (vinyl formal) (from Aldrich Chemical Company, 

35 Inc., Milwaukee, Wisconsin) was mixed with liquid crystal 
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E7 and chloroform in the ratio of 1:1.5:5.0 by weight 
and stirred until a clear homogeneous solution formed. 
The solution was poured out on a glass plate and the 
chloroform was evaporated to form an opaque, solid liquid 
crystalline-plastic material. The material was heated 
on a hot stage until it softened, sandwiched between 
glass slides with transparent conducting electrodes and 
allowed to cool at a moderate rate to room temperature 
to form an opaque scattering cell. A moderate cooling 
rate was achieved by wrapping the cell in a single piece 
of tissue paper (KIMWIPES, Kimberly-Clark Corp. Roswell, 
Ga.) for insulation and placing the cell between two 
aluminum blocks at room temperature. 

The transparency of the. film was measured by placing 
the cell in a chopped laser-beam with photode tector , 
switching the cell to a clear transparent state by the 
application of 50 volts, measuring the amount of light 
transmitted and comparing it to the amount transmitted 
by the glass slides alone. The poly (vinyl formal) cell 
yielded a transparency coefficient of 96%. The switching 
time from the ON to the OFF state was recorded by the 
photodetector at less than 1.0 millisecond at room 
temperature. 

EXAMPLE XXIV 

Poly (methyl methacr ylate ) (Aldrich) was mixed with 
liquid crystal E7 and acetone in the ratio of 1:1.5:5.0 
by weight and an opaque cell formed as in Example XXIII. 
The transparency coefficient was greater than 90% and 
the switching time recorded at about 2.0 milliseconds 
at room temperature. 

EXAMPLE XXV 

Poly (vinyl formal) (Aldrich) cells as in Example XXIII 
were fabricated with liquid crystals E-20, E-31, and 
E-40 (all proprietary mixtures of cyanobiphenyls and 
esters available from EM Chemicals). Substantially 
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similar switching times and transparencies as reported 
in Example XIII were observed. 

EXAMPLE XXVI 

Poly (vinyl formal) (Aldrich) was mixed with liquid 
5 crystal E-20 and chloroform in the ratio of 1.0:1.5:5.0 
by weight to form a clear homogeneous solution. The 
solvent was evaporated to yield a bulk opaque material. 
Three aliquots of the material were placed between three 
sets of glass slides with transparent conducting electrodes. 
10 The slides were heated on a hot stage until the material 
softened and flowed evenly between the slides, and then 
cooled to form opaque, scattering cells as in Example XXIII. 
The thickness of the cells was measured by the amount 
of voltage needed to switch each cell from opaque to 
15 scattering. The three cells yielded switching voltage 
thresholds of 400V, 200V and 80V. At its switching 
voltage threshold, each cell became transparent in less 
than 1.0 millisecond. The voltage was removed and the 
cells remained transparent. The two thicker cells (400V 
20 and 200V) remained clear for about 1 minute before 

returning to the opaque state; the thinner cell (80V) 
remained clear for a few seconds. After the three cells 
returned to the opaque state, they were switched to 
clear again by the application of their respective 
25 threshold voltages and short circuited. Short circuiting 
the cells caused each to switch to the opaque state in 
less than 1.0 millisecond. 

EXAMPLE XXVII 
Poly (methyl methacr ylate) (Aldrich) was mixed with 
30 liquid crystal E7 and tr i chlorome thane in a ratio of 

1:2:5 to form a homogeneous solution. The solvent was 
then evaporated and a cell formed as in Example XXIII, 
except that the transparent conducting electrodes were 
patterned with an alphanumeric character. A voltage of 
35 200V applied to the cell switched the film from opaque 
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to a clear alphanumeric character in an opaque field. 
The voltage was removed and the image of the character 
remained for about 10 seconds. 

EXAMPLE XXVIII 

5 Poly (methyl methacr ylate ) was mixed with liquid 

crystal E20 and tr i chloromethane in a ratio of 1:2:5. 
A cell constructed with the resultant material, as in 
Example XXVII, held an image of the alphanumeric character 
for about 10 seconds. 

10 EXAMPLE XXIX 

Poly (vinyl butyral) (Aldich) was mixed with liquid 
crystal E7 in a ratio of 1:2 by weight. The mixture 
was heated to about 150 °C until a clear homogeneous 
solution formed. The solution was squeezed between 

15 glass slides with transparent electrodes and cooled to 

room temperature at a moderate rate as in Example XXI II. 
The transparency of the film was about 90% and the 
switching time was about 5 milliseconds. 

EXAMPLE XXX 

20 Electrooptic cells referred to in Tables IA and IB 
above were fabricated according to the method of 
Example XXIII with the following solvents at a ratio of 
about 1 part polymer to about 5 parts solvent. 
Polymer solvent 

25 Polyvinyl acetate) acetone 

polyvinyl formal) chloroform 
polycarbonate chloroform 
poly (vinyl butyral) acetone 
poly (vinyl methyl ketone) chloroform 

30 poly(methyl acrylate) toluene 

poly(cyclohexyl methacrylate ) methylene chloride 

poly(isoprene) chloroform 
poly (ethyl methacrylate) acetone 
(high M.W. ) 

35 poly (isobutyl methacrylate) acetone 
poly(methyl methacrylate) acetone 



WO 87/01822 



PCT/US86/01927 



72 



10 



15 



EXAMPLE XXXI 

Microdroplet growth rate control by differential 
cooling of a thermoplastic-liquid crystal solution was 
measured by preparing a modified epoxy- liquid crystal 
cell. l equivalent EPON 828 (from Miller-Stephenson 
Company, ct.) was mixed with 1 equivalent hexylamine 
and liquid crystal E7 ; to form a plastic to liquid crystal 
ratio of 60:40 by weight. The mixture was cured at 
65°C in bulk overnight to form a solid, white material. 
A slug was cut from the bulk preparation and placed 
between glass slides spaced apart at 26 u m and having 
transparent conducting electrodes. The slides were 
placed on a microscope hot stage (Mettler FP5) at 80°C 
and clamped down until the material flowed and the slides 
contacted the spacers. At 80 °C the resultant cell was 
clear and transparent.. The hot stage was programmed to 
cool at controlled rates. The results of heating the 
same cell to 80°C and cooling it at various rates are 
summarized in Table VI. 
20 TABLE VI 

Rate of cooling Average Microdroplet 

(CVminute) Diameter h.ml 

°* 2 8 

3.9 

25 2 '° 2.8 

4 '° 2.5 

As seen in Table VI, slow cooling results in very 
large microdroplet s useful for modulating longer wavelengths 
of light, whereas faster cooling leads to smaller micro- 
droplets useful for modulating shorter wavelengths. 

EXAMPLE XXXII 
A modified epoxy-liquid crystal cell' was prepared 
by mixing 40% by weight of liquid crystal to 60% by 
weight of a 1:1 by equivalents mixture of EPON 828 and 
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t-butylamine , curing the mixture overnight at 60°C and " 
preparing a cell as in Example XXXI. The cell was 
repeatedly heated and cooled at various rates. The 
results are summarized in Table VII. 
5 TABLE VII 

Rate of cooling Average Microdroplet 

(CVminute) Diameter ( urn) 

0.2 8 - 

1 -° 3.9 
10 2 -° 3.0 

4 '° 2.6 

Uncontrolled cooling, e.g., placing the cell on an 
aluminum block, yielded microdroplets having a size too 
small to measure with an optical microscopic (<l u m). 
15 EXAMPLE XXXIII 

Microdroplet growth rate control by differential 
cure temperature of a res in-liquid crystal solution was 
measured by preparing epoxy-liquid crystal cells. EPON 
828, Capcure 3-800 (Miller-Stephenson) and liquid crystal 
20 E7 were mixed in an equivalent ratio of 1:1:1, and the 
mixture placed between 4 sets of glass slides spaced 
apart at 26 u m and having transparent conducting elecrodes. 
Each slide was placed in a temperature controlled oven 
and allowed to cure overnight until phase separation 
25 and curing were complete. The results of curing the 
cells at different temperatures are summarized in 
Table VIII. 
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TABLE 


VIII 












Cure Temperature 






Microdroplet 


70°C 


60°C 


50°C 


40° 




Size (um) 


% 


% 


% 


% 


5 














>0. 1 


6. 1 


- 


— 


- 




0.1-0.2 


64.2 


— 


— 


- 




0.2-0.3 


21.4 


10. 0 


0. 6 


0.9 




0.3-0.5 


8. 3 


14.9 


2.9 


5.1 


10" 


Q. 5-0 . 7 


- 


17. 5 


5.2 


11. 6 




0.7-0.9 


- 


18. 9 


13.8 


19'. 5 




0.9-1.1 




19. 6 


24.2 


36. 0 




1.1-1.3 




12.1 


30. 0 


17. 6 




1.3-1.5 




6.7 


17.4 


8.4 


15 


1.5-1.7 




0.3 


4.7 


0.9 




1.7-1.9 






1.2 






1.9 












(% of 


microdroplets within 


range ) 






Ave rage 










20 


Diameter 


0 . 2^m 


0. 8 u m 


1 . l u m 


o- V 



As seen in Table VIII curing at 70°C accelerates 
the rate of curing of the resin and results in smaller 
microdroplets * 

The results in Table VIII were calculated by counting 
the number of microdroplets in a unit square area and 
normalizing the number of microdroplets within a size 
range to yield the percentages shown. Curing at higher 
temperatures also affected the number of nucleation 
sites and the relative density of microdroplets in each 
cell, as seen in Table IX. 
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TABLE IX 

Cure Temperature # of microdroplets per (ym) 2 
60°C 0.0138 
50°C 0.0154 
40°C 0.0203 



EXAMPLE XXXIV 
Microdroplet growth rate control by relative con- 
centration was assessed in epoxy-liquid crystal cells 
10 as in Example XV. Mixtures ranging from about 20% to 

about 40% E7 by weight were prepared and cured at 60°C. 
Table X summarizes the ranges of microdroplet size versus 
relative concentration of liquid crystal. 

TABLE X 

15 % Liquid Crystal Diameter (urn) 

<20% no microdroplet formation 

"25-35% "1.30 

>40% microdroplet coalescence 

EXAMPLE XXXV 

20 Microdroplet growth rate control by differential 

cure temperature and relative concentration was assessed 
by preparing epoxy-liquid crystal cells. Bostik (Bostik 
S.p.a., Milan Italy) 1:1 parts A and B was mixed with 
liquid crystal E7 to form 35% and 40% liquid crystal to 

2 5 plastic ratios by weight. The mixtures were poured 

between glass slides and cured until opaque at various 
temperatures. Table XI summarizes the range of micro- 
droplet diameters in microns versus cure temperature 
for the two mixtures. 

TABLE XI 

Cure Temperature 
HT 40°C 60°C 80°C 

35%E7 0.6±0.3 0.6±0.3 0.7-0.4 0.5±0.2 

40%E7 4.0 2.5+1.0 1.2+0.3 0.8 
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35% E7 by weight resulted in nearly the same diameter 
micr odroplet , about 0,6 microns, regardless of cure 
temperature, whereas 40% E7 by weight yielded mi cr odroplet s 
that decreased in size with increasing cure temperature. 

5 EXAMPLE XXXVI 

Microdroplet growth rate control by relative concentra- 
tion was assessed in epoxy-liquid crystal cells with 
Bostik, as in Example XXXIII. Mixtures ranging from 
about 10% to about 50% E7 by weight were prepared and 

10 cured at room temperature. Table XII summarizes the 

ranges of microdroplet size versus relative concentration 
of liquid crystal. 

TABLE XII 

% Liquid Crystal \ Diameter (Urn) 

15 < 12 no microdroplet formation 

14-16 0.2 
22-35 0.5 
37-43 l.o 

> 44 microdroplet coalescence 

20 

EXAMPLE XXXVII 
Epoxy-liquid crystal cells as in Example XXXIV 
were prepared with the relative concentration of E7 
varying from about 14% to about 45% by weight. Samples 
25 were divided into three groups and cured at 40°C, 60°C 
and 80°C respectively. Tables XIIIA, B, C, summarize 
the results. 
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TABLE XIII A 

cured at 40°C 

% Liquid Crystal Average Diameter 

< !5 no microdroplet formation 

16-20 "0.2 

24-35 "0.5 

36-38 "o.l 

>38 microdroplet coalescence 

TABLE XIII B 
cured at 60°C 

<22 no microdroplet formation 

24 "0.2 

26-35 "0.5 

15 36-38 "o.l 

38 microdroplet coalescence 
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TABLE XIII C 
cured at 80°C 

no microdroplet formation 
32 "0.2 
36-38 "0.5 
42-47 -i.o 
47 microdroplet coalescence 
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Many modification and variations of the invention 
will be apparent to those skilled in the art in light 
of the foregoing detailed disclosure. Therefore, it is 
to be understood that, within the scope of the appended 
claims, the invention can be practiced otherwise than 
as specifically shown and described. 
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Claims 

1. A light modulating material comprising micro- 
droplets of liquid crystal dispersed in a solid, light 

5 transmissive synthetic resin matrix, said liquid crystal 
being soluble in the matrix-producing composition, said 
microdroplets being formed spontaneously by phase 
separation from solution during the solidifying of the 
matrix. 

2. The material of Claim 1 wherein the solidifica- 
tion of the matrix and concomitant virtual arrest of 
microdroplet growth is effected when said microdroplets 
have reached a selected average diameter. 

3. The material of Claim 1 wherein the matrix is 
thermoset resin. 
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4. The material of Claim 1 wherein the liquid 
20 crystal exhibits positive dielectric anisotropy. 

5. The material of Claim 4 wherein the liquid 
crystal is nematic. 

25 6. The material of Claim 4 wherein the liquid 

crystal is smectic. 

7. The material of Claim 1 wherein the matrix is 
a thermoplastic resin. 



30 



8. The material of Claim 7 wherein the matrix is 
at least once heat-softened and resolidified after phase 
separation of microdroplets therefrom. 
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9. The material of Claim 7 wherein said liquid 
crystal has a liquid crystalline to isotropic ' phase 
transition temperature above the softening temperature 
of the thermoplastic matrix.. 

5 

10. The material of Claim 9 wherein the microdroplets 
are oriented by the application of an electric or magnetic 
field to the matrix while it is in a softened condition, 
and the orientation is maintained when the matrix solidifies 

10 and the field is removed. 
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11. The material of Claim 1 wherein said matrix 
comprises epoxy resin, polyurethane resin, polycarbonate 
resin, polyvinylbutyr al resin ,- polyvinyl methyl ketone 
resin, polyvinylf ormal resin, or a polymer containing 

at least one sort of the following units: lower (Ci_ 8 ) 
alkyl-substituted acrylic acid ester of a lower (Qi_ 8 ) 
alkanol, styrene, a substituted styrene, isoprene 
methylbutene, butadiene, isobutylene, or a vinyl ester 
of lower (C]_4) alkanoic acid. 

12. The material of Claim 3 or Claim 7 wherein 
said matrix comprises an epoxy resin. 

13. The material of Claim 1 wherein said liquid 
crystal is a cyanobiphenyl liquid crystal. 



14. A heat responsive light modulating material 
as claimed in Claim 1 wherein said liquid crystal has 
an .optical index of refraction in the isotropic phase 
which is similar to that of said matrix whereby said 
material transmits light, and an optical index of refrac- 
tion in the liquid crystalline phase which differs from 
that of said matrix whereby incident light is scattered 
35 and said material is opaque. 
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15. An electrically responsive device capable of 
being reversibly switched between opaque and light 
transmissive states comprising electrode means, the 
light modulating material of Claim 5, and a voltage 
source connected to said electrode means for establishing 
an electric field across said matrix and liquid crystal, 
said liquid crystal having an ordinary optical index of 
.refraction sufficiently similar to the index of refraction 
of the matrix for permitting the passage of light that 
is normal in the direction of an electric field established 
across the matrix, and having its other index of refraction 
effective for scattering incident light in the absence 
of an electric field and rendering said device opaque. 

15 16 - The material of Claim 4 wherein said liquid 

crystal exhibits an ordinary index of refraction in its 
liquid crystalline phase effective to scatter one component 
of plane polarized incident light and permit the transmission 
of the other component as polarized light through said 
material when said modulating material is strained in 
one direction. 

17. The material of Claim 16 wherein the liquid 
crystal of said microdrople ts is a nematic liquid crystal. 



18. The material of Claim 1 wherein the matrix is 
in the form of sheet or film. 

19. An electrically responsive, light modulating 
device comprising spaced, transparent electrode means, 
the material of Claim 5 in the form of sheet or film, a 
voltage source connected to said electrode means for 
establishing an electric field across said sheet or 
film, said sheet or film being in a stretched condition 
to permit incident light to be transmitted through said 
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device and to be polarized when the electric field is 
off, said liquid crystal having an ordinary optical 
index of refraction sufficiently similar to the index 
of refraction of said matrix to permit unpolarized light 
to be transmitted through said device when the electric 
field is on. 



20. An electrically addressable light modulating 
device capable of being reversibly switched between a 

10 polarizing mode and a non-polarizing light-transmitting 

mode comprising a layer of the material of Claim 5 wherein 
the microdroplets have their optical axes aligned in 
one direction in the plane of said layer in the polarizing 
mode and normal to the plane of said layer in the non- 

!5 polarizing, light transmitting mode, and 

means for applying an electric or magnetic 
field effective for switching said device from one of 
said modes to the other. 

20 21 • A device as claimed in Claim 20 wherein said 

optical axes are normal to the plane of said layer and 
said device goes to its non-polarizing, light transmitting 
mode when said field is on, and goes to its other mode 
when said field is off. 
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22. A device as claimed in Claim 20 wherein said 
optical axes are aligned in one direction in the plane 
of said layer and said device goes to its polarizing 
mode when said field is on, and goes to its other mode 
when said field is off. 

23. The device as claimed in Claim 20, 21 or 22 
wherein said liquid crystal is a cyanobiphenyl liquid 
crystal. 
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24. An external field responsive, light modulating 
material of Claim 5 wherein the microdroplets are oriented 
with their optical axes aligned in one direction by 
solidifying the matrix in the presence of an electric 

or magnetic field effective for the aligning, said material 
being responsive to high intensity electromagnetic radiatio 
effective to change the alignment of said optical axes. 

25. A field responsive, light modulating device 
comprising the material of Claim 24 and means for 
establishing a field effective to shift the alignment 
of said optical axes. 

26. The material of Claim 5 in sheet or film form 
wherein, by solidifying the matrix in the presence of 
an electric or magnetic field, the microdroplets are 
arranged with their optical axes sufficiently normal to 
a surface of said sheet to permit light incident on 
said surface to be transmitted through said material 
and being responsive to an electrical or magnetic field 
or high intensitiy electromagnetic radiation or to strain 
whereby said optical axes are caused to shift to an 
orientation effective to scatter at least one component 
of incident light. 

27. The light modulating material of Claim 5 wherein 
said matrix contains dissolved liquid crystal in it and 
has a resulting index of refraction that is either: 

a) close enough to the ordinary index of 
refraction n Q of the liquid crystal for the material to 
exhibit, when a switching voltage is applied across 
said material, transparency to normally incident light 
equal to at least about 90% light transmission; or 

b) different enough from the ordinary index 
of refraction n Q of the liquid crystal for the material 
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to exhibit, when a switching voltage is applied across " 
said material, maximum transparency to light at an angle 
less than 90°. 
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28. The material of Claim 27 wherein the matrix 
is a thermoplastic resin and the total liquid crystal 
dissolved in and existing as microdroplets in the matrix 
in an amount to at least about 50% by weight of said 
material, the match in said indices is close enough for 
the material to exhibit transparency to normally incident 
light equal to at least 90% light transmission when a 
switching voltage is applied across said material, and 
said material is characterized by having the mathematical 
product of its resistivity and" its permittivity equal 
to at least a few seconds whereby the material will act 
as a capacitator for retaining a charge when charged 
between two electrodes. 

29. The material of Claim 27 wherein the matrix 
is a thermoplastic resin and the total liquid crystal 
dissolved in and existing as microdroplets in the matrix 
in an amount to at least about 50% by weight of said 
material, and the match in said indices is close enough 
for the material to exhibit transparency to normally 
25 incident light equal to at least 90% light transmission 

when a switching voltage is applied across said material, 
and is characterized by possessing a swi tching . time 
less than one millisecond. 

30 ■ 30 - The material of Claim 27 wherein the matrix 

is a thermoplastic resin and the total liquid crystal 
dissolved in and existing as microdroplets in the matrix 
amounts to at least about 50%, and the mismatch in said 
indices is sufficient for the material to exhibit, when 

35 a switching voltage is applied across said material, 
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maximum transparency to light at an angle less than 
90° . 

31. A method of making a light modulating material 
5 which comprises the steps of: 

forming a homogenous solution of liquid crystal 
in a synthetic resin matrix-producing composition, said 
matrix being solid and light transmissive , and inducing 
phase separation and the spontaneous formation of micro- 
droplets of liquid crystal in said matrix by forming 
solidified synthetic resin from said composition. 



L0: 



32. The method of Claim 31 wherein the solidifying 
of the matrix and concomitant virtual arrest of micro- 

15 droplet growth is effected when said microdr oplets have 
reached selected average diameter. 

33. The method of Claim 31 wherein the matrix is 
thermoset resin. 

20 

,34. The method of Claim 31 wherein the liquid 
crystal exhibits positive dielectric anisotropy. 

35. The method of Claim 34 wherein the liquid 
-25 crystal is nematic. 

36. The method of Claim 34 wherein the liquid 
crystal is smectic. 

30 • 37. The method of Claim 31 wherein the matrix is 

thermoplastic resin . 

38. The method of Claim 37 wherein the matrix is 
at least once heat-softened and resolidified after phase 
35 separation of microdroplets therefrom. 
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39. The method of Claim 31 wherein said liquid 
crystal is a cyanobiphenyl liquid crystal. 

40. The method of Claim 32 wherein the solidifying 

5 of the matrix is effected in at least one of the following 
manners: 

a) by polymer formation in or further 
polymerization of preformed polymer in said composition; 

b) by abstraction of volatile solvent from 
10 said composition; or 

c) by reducing temperature of said composition. 
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41. The method of Claim 40 wherein said matrix 
made by further polymerization of a resin using temperature 
of matrix resin formation in a broadly inverse relationship 
to the desired microdroplet size between about 0.2 and 
1.5 microns, and the concentration of liquid crystal in 
solution with the matrix-producing composition is about 
25-40% by weight. 



1 s 



42. The method of Claim 41 wherein said resin 
an epoxy resin, and the resulting matrix is either a 
thermoset or thermoplastic epoxy resin cured substantially 
isothermally at about 40°-70°C. 

43. The method of Claim 38 wherein the resolidifying 
comprises cooling at a rate of about 0.2-4°C per minute. 

44. The method of Claim 37 wherein said solidified 
matrix is heated to a clear condition, the cooled at a 
rate of about 0.2-4°C per minute. 

45. The method of Claim 37 wherein the solidified 
matrix is heat-softened, the liquid crystal microdroplets 
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in a selected region of the matrix are oriented, and 
the matrix is resolidified. 

46. The method of Claim 37 wherein the liquid 
crystal has a liquid crystal to isotropic phase transition 
temperature above the softening temperature of the matrix, 
said matrix is heat-softened at temperature below said 
phase transition temperature, and solidified in the 
presence of an electric or magnetic field sufficient to 
align the optical axes of the liquid crystal. 



47. The method of Claim 37 wherein the matrix is 
resoftened and stretched to orient the microdroplets of 
liquid crystal in the direction-of stretch, and resolidifying 

15 the matrix while maintaining the stretch whereby the 
matrix then can polarize incident light. 

48. The method of Claim 35 wherein the solidified 
matrix contains dissolved liquid crystal in it and has 



a resulting index of refraction that is either 

a) close enough to the ordinary index of 
refraction n Q of the liquid crystal to exhibit, when a 
switching voltage is applied to said light modulating 
material, transparency to normally incident light equal 

25 to at least about 90% light transmission; or 

b) different enough from the ordinary index 
of refraction n Q of the liquid crystal to exhibit, when 
a switching voltage is applied to said light modulating 
material, maximum transparency to light at an angle 

30 less than 90°. 

49. The method of Claim 35 wherein the matrix is 
a thermoplastic resin and the total liquid crystal dis- 
solved in and existing as microdroplets in the matrix 
35 in an amount to at least about 50% by weight of said 
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material, and the match in said indices is close enough 
for the material to exhibit transparency to normally 
incident light equal to at least 90% light transmission 
when a switching voltage is applied across said material, 
and said material is characterized by having the mathe- 
matical product of its resistivity and its permittivity 
equal to at least a few seconds whereby the material 
will act as a capacitator for retaining a charge when 
charged between two electrodes. 



50. The method of Claim 35 wherein the matrix is 
a thermoplastic resin and the total liquid crystal dis- 
solved in and existing as microdroplets in the matrix 
in an amount to at least about 50% by weight of said 

15 material, and the match in said indices is close enough 
for the material to exhibit transparency to normally 
incident light equal to at least 90% light transmission 
when a switching voltage is applied across said material 
and is characterized by possessing a switching time 

20 less than one millisecond. 

51. The method of Claim 35 wherein the matrix is 
a thermoplastic resin and the total liquid crystal. dis- 
solved in and existing as microdroplets in the matrix 
25 amounts to at least about 50%, and the mismatch of said 
indices is sufficient for the material to exhibit, when 
a switching voltage is applied across said material, 
maximum transparency to light at an angle less than 



90 



52. The method of Claim 31 wherein said matrix 
comprises epoxy resin, polyurethane resin, polycarbonate 
resin, polyvinylbutyr al resin, polyvinyl methyl ketone 
resin, polyvinylf ormal resin, or a polymer containing 
35 at least one sort of the following units: lower (C^g) 
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alkyl-substituted acrylic acid ester of a lower (C^g) 
alkanol, styrene, a substituted styrene, isoprene 
methylbutene , butadiene, isobutylene, or a vinyl ester 
of lower (C1-4) alkanoic acid. 

5 

53* The method of Claim 33 wherein an electric 
field or magnetic field is established effective for 
providing alignment of the optical axes of the micro- 
droplets of liquid crystal; and the solidifying is done 
10 in the presence of said field. 

54. The method of Claim 53 wherein said liquid 
crystal is a cyanobiphenyl liquid crystal. 

!5 55. The method of Claim 31 wherein sufficient 

liquid crystal remains in dissolved isotropic state in 
the solid matrix to exert a plasticizing effect on said 
matrix. 

20 56. The method of Claim 31 wherein the average 

microdroplet size is at least about 0.2 micron. 

57. The method of Claim 31 wherein said liquid 
crystal includes a dichroic or pleochroic dye. 
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58. The method of Claim 32 wherein the rate of 
microdroplet growth is controlled by regulating temperature 
of the mass undergoing phase separation and/or the rate 

of removal of volatile solvent therefrom. 

59. The material of Claim 1 wherein the average 
microdroplet size is at least about 0.2 micron. 



35 



60. The material of Claim 1 wherein said liquid 
crystal includes a pleochroic dye. 
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AMENDED CLAIMS 

.." " [received by the International Bureau on 18 February 1987 (18.02.87); 
original claims 1-60 replaced by amended claims 1-70, wherein claims ' 
30, 40, 41 , 42 and 5 1 were cancelled and claims 61-70 are new (1 1 pages)] 

1. (Amended) A light modulating material comprising 
microdroplets of liquid crystal dispersed in a solid, 
light transmissive synthetic resin matrix, said liquid 
crystal being soluble in the matrix-producing composition, 
and said microdroplets being formed spontaneously by 
phase separation from solution during solidification of 
the matrix. 

2. The material of Claim 1 wherein the solidifica- 
tion of the matrix and concomitant virtual arrest of 
microdroplet growth is effected when said microdroplets 
have reached a selected average diameter. 
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3. The material of Claim 1 wherein the matrix 
thermoset resin. 

4. The material of Claim 1 wherein the liquid 
crystal exhibits positive dielectric anisotropy. 

5. The material of Claim 4 wherein the liquid 
crystal is nematic . 

6. The material of Claim 4 wherein the liquid 
crystal is smectic. 

7. The material of Claim 1 wherein the matrix is 
a thermoplastic resin. 

8. (Amended) The material of Claim 7 wherein a 
solidified resin matrix containing the liquid crystal 

is at least once heat-softened and resolidified to affect 
phase separation of microdroplets. 
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The material of Claim 7 wherein said liquid 
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crystal has a liquid crystalline to isotropic phase 
transition temperature above the softening temperature 
of the thermoplastic matrix, 

10. The material of Claim 9 wherein the micr odr oplets 
are oriented by the application of an electric or magnetic 
field to the matrix while it is in a softened condition, 
and the orientation is maintained when the matrix solidifies 
and the field is removed. 

11. The material of Claim 1 wherein said matrix 
comprises epoxy resin, polyurethane resin, polycarbonate 
resin, polyvinylbutyr al resin, polyvinyl methyl ketone 
resin, poly vinylf ormal resin, or a polymer containing 

at least one sort of the following units: lower (C^s) 
alkyl-subs tituted acrylic acid ester of a lower (C^.g) 
alkanol, styrene, a substituted styrene, isoprene methyl- 
butene, butadiene, isobutylene, or a vinyl ester of 
lower (Ci_4) alkanoic acid. 

12. The material of Claim 3 or Claim 7 wherein 
said matrix comprises an epoxy resin. 

13. The material of Claim 1 wherein said liquid 
crystal is a cyanobiphenyl liquid crystal. 

14. (Amended) The material of Claim 1 wherein 
said liquid crystal has an optical index of refraction 
in the isotropic phase which is similar to that of said 
matrix whereby said material transmits light, and an 
optical index of refraction in the liquid crystalline 
phase which differs from that of said matrix whereby 
incident light is scattered and said material is opaque. 
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15. (Amended) An electrically responsive, light - • "' 
modulating device comprising: 
electrode means; 

a light modulating material comprising micro- 
droplets of liquid crystal dispersed in a solid, light 
transmissive synthetic resin matrix, said liquid crystal 
being soluble in the matrix-producing composition, and 
said microdroplets being formed spontaneously by phase 
separation from solution during solidification of the 
matrix, and 

a voltage source connected to said electrode 
means for establishing an electric field across said 
matrix and liquid crystal, said liquid crystal having 
an ordinary optical index of refraction sufficiently 
similar to the index of refraction of the matrix for 
permitting the passage of light in the direction of an 
electric field established across the matrix, and having 
its other index of refraction effective for scattering 
incident light in the absence of an electric field and 
rendering said device opaque. 

16. The material of Claim 4 wherein said liquid 
crystal exhibits an ordinary index of refraction in its 
liquid crystalline phase effective to scatter one component 
of plane polarized incident light and permit the trans- 
mission of the other component as polarized light through 
said material when said modulating material is strained 

in one direction. 

17. The material of Claim 16 wherein the liquid 
crystal of said microdroplets is a nematic liquid crystal. 



18. The material of Claim 1 wherein the matrix is 
in the form of sheet or film. 
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19. (Amended) An electrically responsive, light 
modulating device as claimed in Claim 15 wherein said 
light modulating material is in the form of a stretched 
sheet or film so that incident light is transmitted 
through said device and is polarized when the electric 
field is off; and 

said liquid crystal having an ordinary optical 
index. of refraction sufficiently similar to the index 
of refraction of said matrix to permit unpolarized light 
to be transmitted through said device when the electric 
field is on. 



20. (Amended) An electrically responsive, light 
modulating device as claimed in Claim 15 wherein said 

15 light modulating material is in the form of a layer and 

m wherein the microdrople ts have their optical axes aligned 
in one direction in the plane of said layer in a polarizing 
mode and normal to the plane of said layer in a non- 
polarizing, light transmitting mode. 

20 

21. A device as claimed in Claim 20 wherein said 
optical axes are normal to the plane of said layer and 
said device goes to its non-polarizing, light transmitting 
mode when said field is on, and goes to its other mode 

25 when said field is off. 

22. A device as claimed in Claim 20 wherein said 
optical axes are aligned in one direction in the plane 
of said layer and said device goes to its polarizing 
mode when said field is on, and goes to its other mode 
when said field is off. 



23. The device as claimed in Claim 20, 21 or 22 
wherein said liquid crystal is a cyanobipheny 1 liquid 
35 crystal. 
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24. (Amended) The material of Claim 1 wherein 
the microdroplets are oriented with their optical axes 
aligned in one direction by solidifying the matrix in 
the presence of an electric or magnetic field effective 
for the aligning, said material being responsive to 
high intensity electromagnetic radiation effective to 
change the alignment of said optical axes. 

2.5. A field responsive, light modulating device 
comprising the material of Claim 24 and means for 
establishing a field effective to shift the alignment 
of said optical axes. 

26. (Amended) The material of Claim 1 wherein 
the matrix is solidified in the presence of an electric 
or magnetic, field so that the microdroplets are arranged 
with their optical axes sufficiently normal to a surface 
of said material to permit light incident on the surface, 

to be transmitted through said material and being responsive 
to an electrical or magnetic field or high intensity 
electromagnetic radiation or to strain whereby said 
optical axes are caused to shift to an orientation effective 
to scatter at least one component of incident light. 

27. (Amended) The material of Claim 1 wherein 
said matrix has an index of refraction close enough to 
the ordinary index of refraction n Q of the liquid crystal 
for the material to exhibit, when a switching voltage 

is applied across said material, transparency to normally 
incident light equal to at least about 90% light trans- 
mission . 

28. (Amended) The material of Claim 27 wherein 

the matrix is a thermoplastic resin and the liquid crystal 
is present in the matrix in an amount of at least about 
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50% by weight of said material, and said material is 
characterized by having the mathematical* product of its 
resistivity and its permittivity equal to at least a 
few seconds whereby the material will act as a capacitator 
for retaining a charge when charged between two electrodes 

29. (Amended) The material of Claim 27 wherein 
the matrix is a thermoplastic resin and the liquid crystal 
is present in the matrix in an amount of at least about 
50% by weight of said material, and said material is 
characterized by possessing a switching time less than 
one millisecond. 

30. (Cancelled) 

31. (Amended) A method of making a light modulating 
material* comprising the steps of: 

forming a homogenous solution of liquid crystal 
in a synthetic resin matrix-producing composition and 
inducing phase separation and the spontaneous formation 
of microdroplets of liquid crystal by solidification of 
said matrix. 

32. (Amended) The method of Claim 31 including 
25 the step of controlling microdroplet growth so that the 

microdroplets have a selected average diameter when 
phase separation is complete. 

33. The method of Claim 31 wherein the matrix is 
30 thermoset resin. 

34. The method of Claim 31 wherein the liquid 
crystal exhibits positive dielectric anisotropy. 
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35. The method of Claim 34 wherein the liquid 
crystal is nematic. 

36. The method of Claim 34 wherein the liquid 
crystal is smectic. 



37. The method of Claim 31 wherein the matrix is 
thermoplastic resin . 

38. (Amended) The method of Claim 37 wherein a 
solidified resin matrix containing the liquid crystal 

is at least once heat-softened and resolidified to affect 
phase separation of microdrople ts . 

39- The method of Claim 31 wherein said liquid 

crystal is a cyanobiphenyl liquid crystal. 

* * 

40. (Cancelled) . 



41. (Cancelled) . 

42. (Cancelled) . 



43. The method of Claim 38 wherein the resolidifying 
comprises cooling at a rate of about 0.2-4°C per minute. 

44. (Amended) The method of Claim 37 wherein 
said matrix is heat-softened and resolidified by cooling 
at a rate of about 0.2-4°C per minute. 

45. The method of Claim 37 wherein the solidified 
matrix is heat-softened, the liquid crystal microdroplets 
in a selected region of the matrix are oriented, and 

the matrix is resolidified. 
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46. The method of Claim 37 wherein the liquid 
crystal has a liquid crystal to isotropic phase transition 
temperature above the softening temperature of the matrix, 
said matrix is heat-softened at temperature below said 

5 phase transition temperature, and solidified in the 

presence of an electric or magnetic field sufficient to 
align the optical axes of the liquid crystal, 

47. (Amended) The method of Claim 37 wherein the 
ID: matrix is resoftened and stretched to orient the micro- 
droplets of liquid crystal in the direction of stretch, 
and then resolidified while maintaining the stretch so 
that the matrix is capable of polarizing incident light. 

15 48 - (Amended) The method of Claim 35 wherein the 

solidified matrix has a resulting index of refraction 
that is close enough to the ordinary index of refraction 
n 0 of the liquid crystal to exhibit, when a switching 
voltage is applied to said light modulating material, 
transparency to normally incident light equal to at 
least about 90% light transmission. 

49. (Amended) The method of Claim 48 wherein the 
matrix is a thermoplastic resin and the liquid crystal 
is present in the matrix in an amount of at least about 
50% by weight of said material, and said material is 
characterized by having the mathematical product of its 
resistivity and its permittivity equal to at least a 
few seconds whereby the material will act as a capacitator 
for retaining a charge when charged between two electrodes. 
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50. (Amended) The method of Claim 49 wherein the 
matrix is a thermoplastic resin and the liquid crystal 
is present in the matrix in an amount of at least about 
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50% by weight of said material, and said material is 
characterized a switching time less than one millisecond 

51. (Cancelled) . 

52. The method of Claim 31 wherein said matrix 
comprises epoxy resin, polyurethane resin, polycarbonate 
resin, polyvinylbutyral resin, polyvinyl methyl ketone 
resin, polyvinylf ormal resin, or a polymer containing 

at least one sort of the following units: lower (C^g) 
alkyl-substituted acrylic acid ester of a lower (Ci_a) 
alkanol, styrene, a substituted styrene, isoprene methyl- 
butene, butadiene, isobutylene, or a vinyl ester of 
lower (Ci_4) alkanoic acid. 

53. (Amended) The method of Claim 33 wherein the 
solidification is carried out in the presence of an 
electric field or magnetic field effective to align the 
optical axes of the microdrople ts of liquid crystal. 

54. The method of Claim 53 wherein said liquid 
crystal is a cyanobiphenyl liquid crystal. 

55. (Amended) The method of Claim 31 wherein 
said liquid crystal matrix exerts a plasticizing effect 
on said matrix. 

56. The method of Claim 31 wherein the average 
microdroplet size is at least about 0.2 micron. 



57. The .method of Claim 31 wherein said liquid 
crystal includes a dichroic or pleochroic dye. 



WO 87/01822 



9 0 



PCT/US86/01927 



10 



15 



20 



25 



30 



58. (Amended) The method of Claim 32 wherein the" 
microdroplet growth is controlled by regulating the 
temperature during phase separation. 

59. The material of Claim 1 wherein the average 
microdroplet size is at least about 0.2 micron. 

60. The material of Claim 1 wherein said liquid 
crystal includes a pleochroic dye. 

61. (New) The material of Claim 1 wherein the 
matrix has an index of refraction different enough from 
the ordinary index of refraction n Q of the liquid crystal 
for the material to exhibit, when a switching voltage 

is applied across said material, maximum transparency 
to light at an angle less than 90°. 

62. (New) The material of Claim 61 wherein the 
matrix is a thermoplastic resin and the liquid crystal 
is present in the matrix in an amount of at least about 
50% by weight of said material. 

63. (New) The method of Claim 32 wherein the 
solidifying of the matrix is effected by polymer formation 
in or further polymerization of preformed polymer in 

said composition. 

64. (New) The method of Claim 32 wherein the 
solidifying of the matrix is effected by abstraction of 
volatile solvent from said composition. 

65. (New) The method of Claim 32 wherein the 
solidifying of the matrix is effected by reducing temp- 
erature of said composition. 
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66. (New) The method of Claim 63, 64 or 65 wherein' 
the solidification of the matrix is carried so that the 
microdroplet size is between about 0.2 and 1.5 microns, 
and the concentration of liquid crystal is about 25-40% 
by weight. 

67. (New) The method of Claim 63 wherein said 
resin is an epoxy resin, and the resulting matrix is 
either a thermoset or thermoplastic epoxy resin cured 
substantially isothermally at about 40°-70°C. 

68. (New) The method of Claim 35 wherein the 
solidified matrix has a resulting index of refraction 
that is different enough from the ordinary index of 
refraction n 0 of the liquid crystal to exhibit, when a 
switching voltage is applied to said light modulating 
material, maximum transparency to light at an angle 
less than 90°. 



69. (New) The method of Claim 35 wherein the 
matrix is a thermoplastic resin and the liquid crystal 
is present in the matrix in an amount of at least about 
50% by weight. 



70. (New) The method of Claim 32 wherein the 
microdroplet growth is controlled by regulating the 
rate of removal of volatile solvent during phase sepa- 
ration . 
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